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Dynamics

STRATEGIC PARTNERSHIPS
INVESTMENT AREA
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Network Design Optimization of Fuel Cell
Systems and Distributed Energy Devices

Aligned Mesoporous Architectures and Devices
Rheological Properties of Nanocomposites

A New Chamber Design for Aerosol Evolution
Studies in the Ambient Environment

Applying a Sediment Mass Balance Approach to
River Meander Migration Modeling: Predicting
the Future Planform of the Middle Rio Grande

Using Reconfigurable Functional Units in
Conventional Microprocessors

Heat Conduction and Particle Motion in
Stationary Nanofluids

Nanotransport and Control of Molecules
Through Molecular Gates

Solar Hydrogen Generation with Porous
Semiconductor Electrodes

Physiological Models and Inference Based on
Optical Imaging

Passive High-Flux Thermal Management
of Electrochemical Systems with In Situ
Microchannel Phase Change
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628 Cosmic-ray Hydrometrology for Land Surface 664 Development of a System for Identification
Studies of Data
630 Multiscale Schemes for the Predictive 665 Responsive Nanocomposites
Description and Virtual Engineering of Materials 658 Thermokinetic/Mass-transfer Analysis of Carbon
632 Fundamental Studies of Electrokinetic Capture for Reuse/Sequestration
Phenomena in Polymer Microsystems 669 Improved High-Temperature Solar Absorbers
634 Solid-Oxide Electrochemical Reactor Science for use in Concentrating Solar Power Central
636 Computational Models of Intergroup Receiver Applications
Competition and Warfare 670 Three Pathways to Enhanced Energy Storage
638 Data-Driven Optimization of Dynamic 672 Innovative Electric Power Grid Architecture for
Reconfigurable Systems of Systems High-Penetration Distributed Renewable Energy
640 Development and Characterization of 3D, Nano- Generation
Confined Multicellular Constructs for Advanced 673 Nature Versus Nurture in Cellular Behavior
Biohybrid Devices and Disease
642 Development of a Structural Health Monitoring 676 Understanding the Fundamentals of Plastic
System for the Assessment of Critical Deformation
Transportation Infrastructure 678 Development of First-Principles Methodologies
644 Distributed Video Coding for Arrays of Remote to Study Electro-Catalytic Reactions at Metal/
Sensing Nodes Electrolyte Interfaces
645 Evaluation of Baseline Numerical Schemes for 680 Covalently Cross-Linked Diels-Alder Polymer
Compressible Turbulence Simulations Networks
647 Interfacial Electron and Phonon Scattering 682 Effect of Doping on the Performance of Solid-
Processes in High-Powered Nanoscale Oxide Fuel Cell Electrolytes Produced by a
Applications Combination of Suspension Plasma Spray and
649 Nanocomposite Materials for Efficient Solar Very Low Pressure Plasma Spray
Hydrogen Production 684 A Quantum Network Based on Telecomm
650 Nanotexturing of Surfaces to Reduce Interconnects for Secure Communications
Melting Point 685 Multicomponent Approach Calculations of
652 Neural Correlates of Attention Electromagnetic Scattering in Turbid Media
653 Particle Image Velocimetry Investigation of the 687 Modeling and Simulation of Explosive Dispersal
Richtmyer-Meshkov Instability after Reshock of Liquids
655 Relating Polymer Dynamics to Molecular 688 MBE Growth and Transport Properties of
Packing Carbon-Doped High-Mobility Two-Dimensional
. - Hole Systems
657 High-Fidelity Nuclear Energy System ‘ ‘
Optimization 689 Power Reduction Techniques for Modern
) Modulation Schemes
659 Nanostructured Material for Advanced Energy
Storage 691 Metrology of 3D Nanostructures
661 Hazard Analysis and Visualization of Dynamic 692 G.ene.tic Engineering of Cyanobacteria as
Complex Systems Biodiesel Feedstock
663 Processor Modeling for Use in Large-Scale 694 Enabling Self-Powered Ferroelectric

Systems Models

Nanosensors: Fundamental Science of Interfacial
Effects Under Extreme Conditions
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Integration of Block-Copolymer with
Nanoimprint Lithography: Pushing the
Boundaries of Emerging Nanopatterning
Technology

Online Learning Techniques for Improving
Robot Navigation in Unfamiliar Domains

Performance Monitoring and Enhancement in
Data Center

Fouling-Resistant Poly(ethylene glycol)-
Grafted Polyamide Desalination Membranes for
Produced Water Purification

Advanced Constitutive Models for Thermally
Activated Shape Memory Polymers: Connecting
Structure to Function

Scalable Assembly of Patterned Ordered
Functional Micelle Arrays

Discovering Tensor Structure via Higher-Order
Eigen-Decompositions

Self-Activating and Doped Tantalate Phosphors

Application of Multivariate Analysis
Techniques to Measurements in Optically Thick
Environments

Influence of Point Defects on Grain Boundary
Motion

Hyperspectral Flow Cytometer

Managing Shared Memory Data Distribution in
Hybrid HPC Applications

Biotechnology Development for Biomedical
Applications

Advanced Atom Chips with Two Metal Layers
Statistical Measures for Change Detection

Information Sharing with Information Assurance
through Cryptographic Obfuscation

Preliminary Work Toward Developing
Efficient Thermal Neutron Detection Using Gd
Conversion Layers

Securing Application Software on Untrusted
Hosts

Hardware Based Authentication Approach

726

727

728

730

732

734

735
736

737
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Uncertainty Quantification and Validation of
Combined Hydrological and Macroeconomic
Analyses

A Polarization Independent Silicon Photonic
Transceiver

Conceptual Model Development for Energy
Security Assessment of Liquid Fuel Disruptions

Novel Detection Methods for Radiation-Induced
Electron-Hole Pairs

Optimal, Automated Threat Detection
and Localization in a Cluttered Radiation
Background

The Effect of Chrome Adhesion Layer on Quartz
Resonator Aging

Unpublished Summaries
Appendix A: FY 2010 Awards and
Recognition

Appendix B: FY 2010 Project
Performance Measures

Appendix C: FY 2010 Mission Technology
Areas
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Sandia National Laboratories’ FY 2010 Laboratory Directed
Research and Development (LDRD) Program:
Discretionary Research and Development for the Future of the Labs!

J. Stephen Rottler , Vice President of Science, Technology, and
Engineering and Chief Technology Officer

As authorized by Congress, the Laboratory Directed Research and
Development (LDRD) program at Sandia National Laboratories (SNL) is
critical to maintaining the vitality of our Labs in mission-critical science
and engineering (S&E) disciplines. As SNL’s sole discretionary R&D
program, LDRD enables our technical staff to pursue innovative, high-risk
and potentially high-value research and development (R&D) for a range of
difficult S&E challenges facing our nation. Through LDRD, the Labs can
pursue game-changing S&E, develop the next generation of mission-critical
capabilities, and seek innovative solutions for emerging technical surprises.
In turn, innovation in each of these arenas is crucial to our overall mission of
providing “exceptional service in the national interest.”

Often described as the “seed corn” for SNL’s future S&E capabilities development, the Lab’s LDRD portfolio
must be simultaneously at the forefront of science and engineering theory and practice and aligned with our
Labs’ national security missions. In addition, LDRD supports crosscutting R&D in nuclear, energy, and cyber
security arenas to seek innovative technical solutions for these emerging S&E challenges facing our nation

in the Twenty-First Century and beyond. These discretionary investments often provide benefits to multiple
missions, frequently demonstrating a broader impact, unanticipated in the initial proposal. A robust peer-review
process results in a 10-fold down-selection in the process of choosing funded projects from initially submitted
ideas, resulting in the selection of only the highest quality R&D projects that are well-aligned with Sandia’s
national security missions. To maximize impact on national security, LDRD accomplishments are immediately
leveraged by management who are actively engaged with direct programs.

The FY 2010 LDRD program sponsored 432 projects costing $156M. This annual report offers an overview of
the LDRD projects that were ongoing in FY 2010, highlighting only a few examples to demonstrate the scope of
LDRD investments. The program overview and project summaries provide a window into the program’s S&E
innovation and its potential for impact on national imperatives.
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SANDIA FY 2010 PROGRAM OVERVIEW

PROGRAM PURPOSE
With the overarching goal of supporting the future missions of the Department of Energy/National Nuclear
Security Administration (DOE/NNSA), the Laboratory Directed Research and Development (LDRD) program
at Sandia National Laboratories is advancing the frontiers of science and technology to enable and support our
national security missions. Through pursuit of innovative, leading-edge science and engineering research and
development (R&D), the LDRD program nurtures our core science and engineering capabilities and supports
the development of staft technical expertise. With a budget of $156.0 M for the funding of 432 projects in
FY 2010, the program has underwritten a myriad of high-risk science, technology, and engineering (ST&E),
often in collaboration with scientists and engineers in academia, corporations and at other DOE laboratories.
It has yielded outcomes contributing to nuclear, homeland, cyber, infrastructure, energy, climate, health, and
intelligence security — in areas as diverse as nuclear weapons systems, novel sensor concepts and technologies,
quantum science and technology, nanotechnology, metamaterials, computational modeling and simulation,
carbon-neutral energy, molecular biology and biomedicine, and cognitive science. In turn, the outcomes of this
research support DOE missions in nuclear security, energy security, environmental responsibility, and scientific
discovery.

In supporting these national security missions, LDRD helps attract the best and brightest available scientists
and engineers as new staff. This is an important component of the LDRD program in that it sustains Sandia’s
capabilities over the long term, the program serving as a training and mentoring vehicle to acclimate new staff
to the research environment and to the unique responsibilities of advancing the frontier of national-security
S&T. These staff members in turn, disseminate program outcomes through refereed publications and invited
presentations — in numbers disproportionate to the size of the program — and their research has translated
into numerous R&D 100 Awards (recognizing the nation’s most innovative research and development) and
laboratory patents. These outcomes form an important component underpinning our national and international
ST&E leadership, while playing a key role in maintaining and enhancing our national security both at present
and into the future.

It is the purpose of this annual report to summarize and delineate the spectrum of research supported by the
Sandia LDRD program, presenting each project’s purpose, outcomes, and significance in the context of both the
Laboratories’ mission and the broader national security context.

PROGRAM DESCRIPTION
ORGANIZATION: Responsibility for the Sandia LDRD program rests with the Sandia President, who delegates
policy and process authority to the Chief Technology Officer (CTO). Reporting to the CTO, the LDRD Office
is responsible for day-to-day program management, process development, final proposal review, monitoring of
outcomes, reporting to the responsible NNSA entities, and when appropriate, conducting periodic operational
program reviews for the purpose of recommending process amendments. To that end, the LDRD office
conducted a web-based program survey of principal investigators (PIs) and project managers (PMs) in FY 2010,
the results of which have engendered a series of recommendations to the CTO. Consequently, the program
anticipates introducing procedural amendments to its project selection process for FY 2011 and FY 2012.

PROGRAM STRUCTURE: The detailed program structure, encompassing the 11 investment areas (IAs)
organized under the four global categories or Program Areas of Sandia LDRD research investments is as
follows (note that more-detailed descriptions of each 1A, with summarized exemplary projects, can be found
as sectional introductions within the body of this document, prior to the corpus of project reports for that
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particular IA; see pages 21, 97, 199, 249, 293, 396, 467, 515, 563, 576, and 604). Within the LDRD Mission
Technologies Program Area, four of the 11 IAs support the four Sandia Mission Technology (MT) strategic
management units (SMUs). Four [As aim at conducting more-fundamental research under the aegis of the
Science, Technology and Engineering Foundations (ST&E) Program Area; two [As under the “Corporate
Investments” Program Area are aimed at very high risk or university-collaborative research; and the eleventh IA
(Grand Challenges) is multidisciplinary in scope. Newly initiated for FY 2010, an Early Career R&D LDRD
program (described below) provides funding for LDRD projects that can fall within the scope of the 8 IAs in the
MT and ST&E program areas.

PROGRAM AREA: Mission Technologies
Four Investment Areas:
* Defense Systems and Assessments — supporting the mission of the Department of defense (DoD) and
the Intelligence community
* Nuclear Weapons — supporting the mission of the nuclear stockpile and the life extension program
* Energy, Resources, and Nonproliferation — supporting energy, water, climate, and global security
missions
* Homeland Security — supporting the mission of the Department of Homeland Security (DHS)

PROGRAM AREA: Science, Technology, and Engineering Foundations
Four Investment Areas:
» Nanoscience to Microsystems — nanotechnology and microelectronics
» Enabling Predictive Simulation — engineering sciences, computational algorithm and hardware
development
» New Directions — biological and cognitive science and technology
* Science of Extreme Environments — high-energy-density physics, radiation sciences, pulsed power, and
fusion energy

PROGRAM AREA: Corporate Investments
Two Investment Areas:
* Strategic Partnerships — collaborative university R&D and partnering for advancing mutual ST&E
capabilities
* Seniors’ Council — novel, very high risk, high-impact R&D feasibility projects

PROGRAM AREA: Grand Challenges
Investment Area: Grand Challenges — broad-scope multidisciplinary projects addressing our nation’s most-
difficult problems

FUNDING PROCESS: The LDRD office coordinates with the director leads for each IA and the Senior
Steering Committee (SSC), consisting of senior managers who represent each of the 11 investment areas
delineated above. The IA directors and the SSC, with recommendations and direction from the LDRD office,
helps develop policy to streamline the proposal evaluation processes and to encourage innovation and risk-
taking in LDRD concept generation. Moreover, the A directors and their management teams direct the crafting
of the Call for Ideas. Each of the IA Calls elaborates that investment area’s prioritized research interests,
thereby providing a set of guidelines for technical staff in terms of the topics toward which research ideas
should be directed in order to receive optimal consideration for funding. Once those staft ideas are submitted,
the IA directors and their management teams direct reviews of those ideas, and subsequently, of full research
proposals culled from those ideas that are both technically the most compelling and that best fit the parameters
of the Call. The selected proposals are aligned with the overarching LDRD mandate that research proposals be
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leading-edge and entertain significant risk. Technical qualifications of staff composing a project’s R&D team
also factor into the decision about which projects will receive funding.

Subsequent to dissemination of the IA Calls, a web-based idea-submission process permits any regular
employee to submit a 500-word idea (1000 words for a Grand Challenge idea). During FY 2010, 880 ideas
were submitted, from which 184 were down-selected and invited to submit new (initial-funding) proposals.
Generally, approximately half these proposals are approved for funding. In FY 2010, 88 new projects were
funded, a final funding rate of 10% (88 of 880 ideas). To these 88 were added 151 late-start projects for a total
new project count of 239 (included in this number were 21 “Early Career R&D,” a new category of LDRD
projects, as described below). These 239 newly funded projects were added to 193 continuing projects yielding
a total of 432 LDRD projects funded for the fiscal year.

EARLY CAREER R&D (ECRD)

Initiated in FY 2010, the ECRD component of the LDRD program makes a maximum of $250 K of LDRD
funding available to any Ph.D.-recipient staff member whose employment at Sandia commenced after October
1,2010. ECRD is designed to smooth transition into the workforce, particularly for those individuals entering
Sandia directly from a research-focused doctoral or postdoctoral program, enabling them to sustain that focus
on creative activity, while simultaneously acclimating them to the national laboratory environment, with its
dual focus on R&D and programmatic work. Applicants must submit a research proposal aligned with one of
the Mission Technology or ST&E investment areas that clearly articulates a hypothesis and a research plan
for testing that hypothesis. Initial response to this initiative has been large and overwhelmingly positive. (The
LDRD Program Office is currently preparing a brochure delineating the research activities and experiences of
the initial cohort of Early Career LDRD funding recipients.)

Given that the LDRD program is an essential component for attracting, sustaining, and developing world-class
ST&E capabilities at Sandia, the ECRD also serves the function of increasing the attractiveness of a Sandia
staff position. In addition to this new initiative, LDRD also serves as a valuable means of recruiting new

talent through hiring postdoctoral staff and supporting graduate students, thereby leveraging complementary
scientific capabilities through strategic collaborations with academia. In recent years, roughly 40% of LDRD
projects engage in external collaborations with academia or industry. LDRD research is performed by a
disproportionately large fraction (>40%) of young employees with less than 5 years service as well as over half
of the postdoctoral staff. These statistics illustrate that the development of critical ST&E skills and leadership is
strongly promoted by LDRD.

Budget: Since FY 2007, LDRD strategic investments have been based on a balanced portfolio principle of

stable funding targets for major investment categories as well as the strategic intent of the LDRD portfolios.
[llustrating the balanced portfolio principle, the
breakdown of program investments for FY 2010 is 40

shown in Figure 1. 35
) . 30
Figure 1. Investment portfolio breakdown for FY 2010 for
the four Sandia LDRD program areas as a percentage of 25
the total annual LDRD budget. STE: Science, Technology | 20 Percent of
and Engineering Foundations; MT: Mission Technologies; | 15 Program Costs
I i -
STE MT  GC cl PM

GC: Grand Challenges; Cl: Corporate Investments; PM:
program management. 10
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PORTFOLIO DESCRIPTION:
Project Size

Of the 432 projects active in FY 2010, 200
239 were newly funded, in their first year,
while 193 were continuing in their second

or third years. The FY 2010 project size, 100
by budget, is shown in Figure 2. 50 l
Figure 2. LDRD project size 0 e

distribution, by budget: FY 2010
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The LDRD program supports a range of R&D activities from fundamental research through proof-of-principle
studies, and to a certain extent, even field demonstrations. In this context, each project is accorded a strategic
designation of either Discover, Create, or Prove (D, C, or P). The intent of “Discover” projects is the creation of
new understanding or knowledge. “Create” projects pursue the innovative application or combination of new or
existing knowledge in a unique fashion, in order to create a novel solution to a problem, or to provide a revolutionary
scientific, technological, or engineering advance. “Prove” projects pursue the validation of'a prospective innovation
or concept in a real-world environment, in a fashion that reduces any remaining unknowns and uncertainties.
In addition to the balanced portfolio
principle of stable funding targets for
major investment categories (Figure
1), the program also attempts to 50

maintain a balanced portfolio with

. .. . 40 Percent of

respect to project strategic intent. This LDRD Portfolio
DCP balance for FY 2010, essentially 30

unchanged from the prior two FYs, is

60

shown in Figure 3. 20
10
Figure 3. The DCP strategic intentfor | ¢ -

the FY 2010 LDRD portfolio Discover Create Prove

Technical Risk: Fundamental to creative innovation is some level of risk. The Sandia LDRD program has
actively attempted to encourage risk-taking, by encouraging far-reaching project goals, while simultaneously
requiring that risk-mitigation strategies be in place. Hence, for example, the program is flexible in permitting
and, when relevant, encouraging project redirection, in order to maximize the potential for meaningful
innovative outcomes. In July of 2010, the LDRD program office published a brochure entitled, Risk, Challenge,
and Reward in LDRD (SAND 2010-3942P). By way of a dozen case studies, the brochure studied and analyzed
the sources of technical risk within LDRD projects, the strategies employed for risk mitigation, and a variety of
potential outcomes, when insurmountable roadblocks are confronted. This study indicated that Sandia LDRD
principal investigators (PIs) employ risk-mitigation strategies at appropriate moments, are able to reconfigure
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and/or redirect project goals and activities to ensure positive, innovative outcomes, and are accepting of the

understanding that, occasionally, and for a diversity of reasons, hypotheses can be disconfirmed by carefully
conducted and validated experimental protocols — and that a hypothesis disconfirmed does indeed advance
scientific knowledge by closing off fruitless research paths.

LDRD PROGRAM PERFORMANCE

LDRD creates and builds the core technologies that produce major scientific advancements and develop new
capabilities through leading edge R&D. The long-range, forward-looking research anticipates solutions to
mission challenges that are too risky for direct program funding, such as advanced architectures for high
performance computing, novel electronics for space-based sensors, more efficient optoelectronic materials for
solid state lighting, or innovative technologies for conversion of carbon dioxide to synthetic fuel. Approximately
10% of LDRD outcomes were featured in an LDRD Program Office publication, Sandia LDRD 2010 Research
Highlights (SAND 2010-8330P).

The FY 2010 Sandia LDRD program grew in size over the previous year, proportional to an increase in the
Labs’ budget, and yielded a plethora of new scientific results. For example, over the past five years, over 50
percent of the labs’ R&D 100 Awards (recognizing the nation’s most innovative research and development), 20
percent of Sandia’s refereed articles, and more than 40 percent of patents have roots in LDRD-supported efforts.
This represents an extraordinary return on an 8 percent lab investment in R&D (Figure 4).

LDRD- LDRD- LDRD-
Non-LDRD Supported Non-LDRD Supported Non-LDRD Supported

79% 21% 55% 45% 33% | 67%
Refereed Publications Patents Issued R&D 100 Awards
(2005-2009) (2006-2010) (2006-2010)

Figure 4. Performance measures

LDRD projects are a dominant part of the core of national laboratory innovation and vitality. In July 2010,
R&D Magazine presented its “R&D 100” Awards to researchers who have developed the year’s one hundred
most outstanding advances in applied technologies. Sandia received five awards in 2010, two of which had deep
roots in the LDRD program. These are as follows.

Multifunctional Optical Coatings: Involves the self-assembly of polymers to form nanostructured coatings
with tailored properties, using commercially available polymers dispersed in common solvents, allowing easy
and cost-effective routes to produce films through spin, dip, or spray coating in ambient conditions. These

films possess physical properties approaching those of materials that are typically fabricated using expensive
processes such as chemical vapor deposition and sputtering. Additionally, the chemical and physical properties
of the self-assembled polymer films can be further tailored through a variety of near-ambient-condition
processes.
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Figure 5. Micrographs of various self-assembled nanostructured optical coatings (A, B, and C) and photographs of hybrid
organic/inorganic fluorescent nanoparticles in aqueous solutions (D).

Acoustic Wave Biosensors, Rapid Point-of-Care Medical Diagnostics (joint entry with the
University of New Mexico Health Sciences Center) This innovative device is a handheld, battery-powered,
portable detection system that is capable of multiplex identification of a wide range of medically relevant
pathogens and their biomolecular signatures—viruses, bacteria, proteins, and DNA — at clinically relevant
levels. This detection occurs within minutes, not hours, at the point of care, whether that care is in a physician’s

LDRD-related research accomplishments were also featured
on the covers of peer-reviewed journals during FY 2010: for
example, the November 2009 issue of the Journal of Materials
Chemistry and the June 11, 2010 issue of Physical Review
Letters (Figure 7).

Figure 7. Journal Covers

Journal of

Materials Chemistry

office, a hospital bed, or at the scene of a biodefense or
biomedical emergency. The detection system employs Sandia’s
shear horizontal surface acoustic wave (SH-SAW) biosensor
array functionalized with selective ligands — antibodies,
peptides, or single-stranded DNA, depending on the application.

Figure 6. Acoustic wave biosensor with PDA controller (left) and
rechargeable battery (blue, upper right). Sensor arrays fit in the tan
enclosure on the green circuit board.

PHYSICAL
REVIEW
LETTERS

These measures of program performance illustrate that the LDRD Program plays a crucial role in advancing
the national security missions of Sandia National Laboratories. The breadth and depth of the program’s
contributions are more fully revealed by the project summaries contained in this annual report, which underline
the contributions of the LDRD program to Sandia’s overarching goal, first defined by President Harry S.

Truman, of rendering “exceptional service in the national interest.”
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ENABLE PREDICTIVE SIMULATION
INVESTMENT AREA

Computational modeling and simulation is the bailiwick of this investmentarea, funding research into
computational activity that has the capability to both confirm and globalize experimental results, as well as to
guide future experimentation and scientific intervention into national and global challenges. From predicting the
course of epidemics, to models of material failure probabilities, to modeling water systems in semi-arid regions,
to clarifying the properties of matter at the nanoscale, to new designs for computational memory, this IA’s reach
across Sandia’s mission areas is quite extensive.

Multiscale Models of Nuclear Waste Reprocessing:

From the Mesoscale to the Plant-Scale
Project 141508

With the increased likelihood that nuclear energy will factor into the equation for energy production with a low-
carbon footprint, models of nuclear reprocessing plants are needed to support nuclear materials accountancy,
nonproliferation, plant design, and plant scale-up.

This project is developing predictive
capabilities targeting the design and
monitoring of a next-generation nuclear
fuel cycle to enable economical large-
scale reprocessing with accurate material
balances. In addition to plutonium/uranium
extraction and separation models — which
are being developed at several process
scales, from single solution droplet to

the contactor device in which extractions
occur — plant “flow sheets” will be created
using a novel, scalable network model that
will allow coupling of massively parallel
contactor models to simple models for
other plant unit operations. This will be

key to support nonproliferation activities
including material accountancy, plant design,
and diversion scenarios. Models will be
validated through experiments at Sandia and
in collaboration with Oak Ridge National
Laboratory

Model of turbulent flow within contactor extraction device.
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Studies in High-Rate Solidification
Project 150638

The premise in this research is that the acquisition of 3-dimensional reconstructions of weld microstructures
will provide more detailed characterization, which will, in turn, enhance the ability to develop predictive
models of microstructural formation within a weld that influences its strength and other properties. To

that end, the project is employing both microscopy of serial sections through welds and radiography with
microcomputed tomography (similar to the process by which CT-scans are often used in medicine to image

the three-dimensional structure of tissues and organs) to produce three-dimensional reconstructions of the
grain microstructure and porosity within welds, parameters that
are critical to assessing characteristics. By using the modeling
capabilities in Sandia’s Sierra software, a key connection is to
utilize the experimental data to inform modeling initiatives,

such that predictive capabilities will be greatly enhanced. In

the future, this could possibly permit the establishment of better
parameters for creating welds that would become more durable or
would exhibit other prespecified characteristics. With the need to
! revitalize some of the nation’s aging infrastructure, such initiatives

-y
,',;/ 'R & /‘ represent an important step forward.

o

%

Three-dimensional reconstruction of weld
properties.
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ENABLE PREDICTIVE SIMULATION

Leveraging Multi-Way Linkages on Heterogeneous Data
117782

Year 3 of 3

Principal Investigator: T. G. Kolda

Project Purpose

This project’s focus is the investigation and development of novel data analysis methods for heterogeneous
data because recent experiences with Sandia intelligence analysts have revealed an emerging need to research
analytic capabilities for large-scale, complex data sets. The goal is to be able to combine heterogeneous
entities and multiple linkages (i.e., relationships) among them. We are developing a new class of algorithms,
emphasizing scalability and robustness, for multi-way linkage dimensionality reduction that maps
heterogeneous entities into a shared conceptual space. We measure the quality of the mapping according to how
well “nearness” is maintained in the lower-dimensional conceptual space with respect to the multi-way links
and various problem-dependent quality measures such as classification performance. Of important application
interest, mapping the entities to conceptual space is fundamental to solving a variety of data analysis problems,
including entity resolution and disambiguation, link prediction, and anomaly discovery.

Sandia is uniquely positioned to address these challenges because of our expertise in data and graph analysis,
matrix and tensor methods, and high-performance computing. Our overarching goal is to develop robust

and scalable methods for analyzing multi-way links on heterogeneous, inaccurate, and incomplete data from
real-world applications. Although multi-way linkage analysis is of interest to us specifically because of its
importance in the intelligence community, there are also applications to social network, bibliometric, critical
infrastructure, and complex biological systems analysis. LDRD investment is enabling us to become established
in this domain of large-scale, multi-linkage graph analysis.

Summary of Accomplishments

The goal was to investigate scalable and robust methods for multi-way data analysis. We developed a new
optimization-based method called CPOPT for fitting a particular type of tensor factorization to data; CPOPT
was compared against existing methods and found to be more accurate than any faster method and faster than
any equally accurate method. We extended this method to computing tensor factorizations for problems with
incomplete data; our results show that one can recover scientifically meaningful factorizations with large
amounts of missing data (50% or more). The project has involved five members of the technical staff, two
postdocs, and one summer intern. It has resulted in a total of 13 publications, two software releases, and over 30
presentations.

Significance

The project ties to Sandia’s national security mission. Our goals of entity resolution/disambiguation, link
prediction, and anomaly detection relate to problems of national security interest because they address data
fusion across disparate data sources. Our technological aims are consistent with Sandia’s and DOE’s long
history of support for the intelligence agencies. Other applications include social network, critical infrastructure,
and complex biological system analyses. Several follow-on projects have already begun, with more potential
projects in development.
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Refereed Communications
D.M. Dunlavy, T.G. Kolda, and E. Acar, “Temporal Link Prediction Using Matrix and Tensor Factorizations,” to

be published in ACM Transactions on Knowledge Discovery from Data.

E. Acar, D.M. Dunlavy, and T.G. Kolda, “A Scalable Optimization Approach for Fitting Canonical Tensor
Decompositions,” to be published in the Journal of Chemometrics.

E. Acar, D.M. Dunlavy, T.G. Kolda, and M. Merup, “Scalable Tensor Factorizations for Incomplete Data,” to be
published in Chemometrics and Intelligent Laboratory Systems.
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Peridynamics as a Rigorous Coarse-Graining of Atomistics for

Multiscale Materials Design
117783

Year 3 of 3

Principal Investigator: R. B. Lehoucq

Project Purpose

The goal of our project is to develop a coarse-graining of finite temperature molecular dynamics (MD) that
successfully transitions from statistical mechanics to continuum mechanics. Our coarse-graining overcomes

the intrinsic limitation of coupling atomistics with classical continuum mechanics via the FEM (finite element
method), SPH (smoothed particle hydrodynamics), or MPM (material point method); namely, that classical
continuum mechanics assumes a local force interaction that is incompatible with the nonlocal force model of
atomistic methods. Therefore FEM, SPH, MPM inherit this limitation. This seemingly innocuous dichotomy has
far-reaching consequences; for example, classical continuum mechanics cannot resolve the short wavelength
behavior associated with atomistics. Other consequences include spurious forces, invalid phonon dispersion
relationships, and irreconcilable descriptions/treatments of temperature.

We propose a statistically based coarse-graining of atomistics via peridynamics, and, hence, develop a first-of-
a-kind mesoscopic capability to enable consistent, thermodynamically sound, atomistic-to-continuum (AtC)
multiscale material simulation. Peridynamics (PD) is a micro-continuum theory that assumes nonlocal forces
for describing long-range material interaction. The force interactions occurring at finite distances are naturally
accounted for in PD. Moreover, PD’s nonlocal force model is entirely consistent with those used by atomistics
methods, in stark contrast to classical continuum mechanics. Hence, PD can be employed for mesoscopic
phenomena that are beyond the realms of classical continuum mechanics and atomistic simulations, e.g.,
molecular dynamics and density functional theory (DFT). The latter two atomistic techniques are handicapped
by the onerous length and time scales associated with simulating mesoscopic materials. Simulating such
mesoscopic materials is likely to require, and greatly benefit from multiscale simulations coupling DFT, MD,
PD, and explicit transient dynamic finite element methods FEM (e.g., Presto). The proposed work fills the gap
needed to enable multiscale materials simulations.

Summary of Accomplishments

The project goal of establishing the theoretical basis for the coarse-graining MD into peridynamics was
accomplished in two related approaches. The first approach derives the peridynamic balance of linear
momentum and energy from the principles of statistical mechanics. The second approach represents interatomic
potentials within peridynamics, or continulization (the process of replacing a discrete process with a continuous
one) of molecular dynamics into peridynamics. Two instances of continulization are provided. The first is an
upscaling of molecular dynamics into a high-order gradient theory, and then exploiting a relationship between
peridynamics and a high-order gradient theory. The second instance of continulization represents an interatomic
multibody potential as a peridynamic material, and then smooths the resulting heterogeneous peridynamic
material model. The two coarse-graining approaches are synergistic.

The first approach, although of significant theoretical value, does not immediately lead to an

expedient computational scheme. An important conclusion, however, is that the path from classical
nonequilibrium statistical to classical continuum mechanics traverses the nonlocal continuum theory of
peridynamics. A consequence is that peridynamics can augment, or replace, MD, and AtC coupling can be
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replaced by PtC coupling (peridynamics to classical continuum mechanics). Continulization is a practical
application justifying the contention of the first approach that molecular dynamics can be coarse-grained into
peridynamics. In contrast to classical continuum mechanics, peridynamics does capture the short-wavelength
behavior associated with molecular dynamics without the need to assume the existence of higher-order
derivatives associated with a high-order gradient theory. Moreover, continulization represents a sophisticated
scheme for generating peridynamic material models by coarse-graining multibody interatomic potentials at
the continuum level. Thermodynamic restrictions on peridynamic elastic materials was also determined by
appealing to a Coleman-Noll like procedure. The restrictions ensure that the second law of thermodynamics is
not violated.

Significance

Sandia/NNSA has a strong interest in science-based stockpile stewardship (advanced simulation and
computing), developing nano- and microscale devices and designer materials for renewable energy production
and storage. These three applications can significantly benefit from multiscale materials simulations at the
mesoscopic level that incorporate first-principles techniques at the atomistic regime. This project will provide
the research and tools to address this critical regime between the atomic and the continuum levels.

Refereed Communications
S.A. Silling and R.B. Lehoucq, “Peridynamic Theory of Solid Mechanics,” Advances In Applied Mechanics,
vol. 44, pp. 73-168, 2010.

R.B. Lehoucq and A. Von Lilienfeld-Toal, “Translation of Walter Noll's 'Derivation of the Fundamental
Equations of Continuum Thermodynamics from Statistical Mechanics,"” Journal of Elasticity, vol. 100, pp.
5-24, 2010.

S.A. Silling, “Linearized Theory of Peridynamic States,” Journal of Elasticity, vol. 99, pp. 85-111, 2010.

P. Seleson and M.L. Parks, “On the Role of the Influence Function in the Peridynamic Theory,” to be published
in the International Journal for Multiscale Computational Engineering.

S.A. Silling, “A Coarsening Method for Linear Peridynamics,” to be published in the International Journal for
Multiscale Computational Engineering.
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Predicting Fracture in Brittle Micron-Scale Structures
117784

Year 3 of 3

Principal Investigator: E. D. Reedy Jr.

Project Purpose

Our goal is to develop a validated failure methodology that can be applied to micron-scale
microelectromechanical systems (MEMS) made from polycrystalline silicon. The development of such a
methodology is especially needed for MEMS structures that are subjected to high loads (e.g., a chevron thermal
actuator, a bi-stable mechanism, etc.). This will require a detailed understanding of how the failure depends on
flaw distributions, flaw geometry, material microstructure, and regions of intense stress gradients. One source of
difficulty in developing such a failure analysis is a consequence of the fact that critical flaw size, grain size, and
the region dominated by high stress gradients can all be on the same 100-nm length scale. Note that traditional
Weibull statistics-based probabilistic failure modeling approaches are not applicable when flaws are not small
compared to specimen dimensions or to the size of regions with high stress gradients.

In this project, we seek to understand how flaws and microstructure generate probabilistic strength distributions
and how regions of high stress gradients affect such distributions. We are performing finite element analyses

to determine the effect of crystal orientation, flaw geometry, etc., on predictions of specimen strength. One
primary goal of the experimental effort is to develop novel on-chip and off-chip testing techniques that will
allow us to test on the order of one-thousand nominally identical micron-scale tensile bars so as to define
strength distribution tails. These techniques will be used to measure strength distributions of samples with and
without stress concentrations (notches). Together, the computational and experimental results will direct the
development of a methodology for predicting fracture of brittle micron-scale structures that does not explicitly
model its microstructure and edge roughness.

Summary of Accomplishments

We used high-throughput test methods, developed during the previous years of this project, to measure the
strength of SUMMIT V (Sandia ultraplanar multilevel MEMS technology V)( polycrystalline silicon tensile
bars. Approximately 1300 nominally identical tensile bars were tested. One important finding is that measured
tensile strength distributions display a strength threshold. This implies that the strength-controlling flaws
produced by the SUMMIT V microfabrication process are all less than some maximum size. In addition to
sidewall edge flaws, which are clearly linked to the measured variability in tensile strength, we investigated
several other potential factors. These included variations in line width, stress inhomogeneity within a
polycrystal, and variations in the apparent fracture toughness. None of these appear to be a dominate contributor
to tensile strength variability. The dominant nature of sidewall flaws was further confirmed by an analysis that
applied cohesive zone finite element results for blunted V-notches to actual atomic force microscopy images.
This analysis predicted tensile strengths for the imaged sidewalls that fell within the range of measured tensile
strengths. The existence of a maximum flaw size enables the use of a flaw tolerance fracture mechanics
methodology for analyzing complex MEMS structures containing micron-scale stress concentrations. We
used this approach to estimate a lower bound for the strength of a double edge-notch specimen that compared
favorably with measured values.

Significance
High-performance micron-scale MEMS structures will be used in high-risk national security applications only
if their structural integrity can be guaranteed. This is particularly true of micron-scale structures made of brittle
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polycrystalline silicon. A validated computational methodology for predicting fracture of brittle micron-scale
structures can provide the confidence needed to enable their use in challenging applications. It can also aid in
the design effort and guide processing improvements.

Refereed Communications
B.L. Boyce, “A Sequential Tensile Method for Rapid Characterization of Extreme-Value Behavior in
Microfabricated Materials,” Experimental Mechanics, vol. 50, pp. 993-997, 2010.

B.L. Boyce, J.Y. Huang, D.C. Miller, and M. Kennedy, “Deformation and Failure of Small Scale Structures,”
JOM, vol. 62, pp. 62-63, April 2010.

B.L. Boyce, M.J. Shaw, P. Lu, and M.T. Dugger, “Stronger Silicon for Microsystems,” Acta Materialia, vol. 58,
pp. 439-448, 2010.
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A Light Weight Operating System for Multicore Capability

Class Supercomputers
117785

Year 3 of 3

Principal Investigator: K. Pedretti

Project Purpose

Sandia has a long history of fielding capability supercomputers that are among the largest and most scalable

in the world. One of the primary reasons for this success has been an in-house developed Light Weight Kernel
(LWK) Operating System (OS) that embodies all of Sandia's experience in designing scalable systems. This
project will perform the system software research and development necessary to extend this leadership to multi-
core processors. Industry is focused on lower-end capacity machines and lacks sufficient commercial motivation
to develop LWK OS technology for multi-core; however, our experience shows that this is an essential
ingredient for successful capability supercomputers.

This project will investigate the complex memory hierarchies, advanced on-chip synchronization methods,
enhanced hardware virtualization technology, and new programming models that are accompanying multi-core
processors. To compensate for the expected significant drop in bytes-to-flop ratio, this project will seek out and
invent new techniques for reducing per-core memory bandwidth requirements. The insight gained by exploring
these topics will be incorporated into the LWK OS system that is developed.

In order to make LWK OS technology more accessible, the software developed by this project will be open-
source and publicly available. The proprietary nature of existing LWK OS solutions, their lack of hardware
support, and the inaccessibility of capability class testing platforms severely limits their scope. A goal of this
project is to mitigate these issues and begin to build a LWK OS research community. If successful, expected
benefits are increased proliferation of Sandia’s LWK OS technology and increased system software innovation.
These benefits would not be achievable using the current model of developing a proprietary LWK OS for each
new capability supercomputer.

Summary of Accomplishments

We designed and developed the Kitten LWK OS. Kitten is a modern, open-source LWK platform that supports
many-core processors (100s of cores), advanced intranode data movement (via SMARTMAP [Simple Mapping
of Address Region Tables for Multicore Aware Programming]), current multithreaded programming models
(via Linux user-space compatibility), commodity high-performance computing (HPC) networking (Infiniband),
and full-featured guest operating systems (via the Palacios virtual machine monitor). The Kitten LWK has
been downloaded hundreds of times, and there are several external researchers actively working to extend

its capabilities. Several projects are leveraging the platform and we are positioning it as an ideal platform for
conducting exascale supercomputer hardware/software co-design research. Kitten can be downloaded from
http://software.sandia.gov/trac/kitten.

We invented the SMARTMAP virtual memory mapping technique for multicore processors. SMARTMAP
significantly reduces intranode memory bandwidth requirements, a significant bottleneck on multicore
processors. SMARTMAP was an important component of the 2009 “Catamount N-way Kernel” R&D100 award
and we have applied for a patent.

We created a scalable virtualization environment for HPC. We teamed with separately funded researchers at
Northwestern University and the University of New Mexico to incorporate their embeddable virtual machine
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monitor, called Palacios, into the Kitten LWK, and customize it for HPC workloads. Our solution is unique
compared to other cloud/utility computing virtualization layers in that it is focused on HPC and takes advantage
of the unique characteristics of the LWK environment to reduce virtualization overhead. We used the Kitten
and Palacios combination to perform large-scale testing on up to 6,240 nodes of Red Storm Cray XT4 system
using HPC micro-benchmarks and several real applications. The observed virtualization overhead of less than
5% demonstrated that it is feasible to run real, communication-intensive HPC applications in a virtualized
environment at large scale.

Significance

Simulations and data analysis performed on capability supercomputers are critical components of DOE strategic
goals in defense, energy, science, and environment. Specific examples include the nuclear weapons modeling
necessary to maintain the stockpile, controlled-fusion reactor simulation, and climate modeling. This project
will develop system software technology that is necessary to perform applications such as these on future
petascale supercomputers made up of multicore processors.

Refereed Communications

K. Ferreira, P. Bridges, R. Brightwell, and K. Pedretti, “The Impact of System Design Parameters on
Application Noise Sensitivity,” IEEE International Conference on Cluster Computing, Heraklion, Crete, Greece,
September 2010.

J. Lange, K. Pedretti, T. Hudson, P. Dinda, Z. Cui, L. Xia, P. Bridges, A. Gocke, S. Jaconette, M. Levenhagen,
and R. Brightwell, “Palacios and Kitten: New High Performance Operating Systems for Scalable Virtualized
and Native Supercomputing,” IEEE International Parallel and Distributed Processing Symposium, Atlanta, GA,
April 2010.
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Enhanced Molecular Dynamics for Simulating Thermal and

Charge Transport Phenomena in Metals and Semiconductors
117786

Year 3 of 3

Principal Investigator: R. E. Jones

Project Purpose

In modeling nonequilibrium thermal transport in solids, classical molecular dynamics (MD) has the primary
strength of explicitly representing phonon modes and the defects that scatter phonons. On the other hand,
electrons and their role in energy transport are missing. These effects are vital in applications such as laser
processing of materials, synthesizing thermoelectric (TE) materials, and estimating heat transport in conducting
nanotubes and nanowires. Predictive models of the phenomenology of the interactions between the charge
carriers and the atoms represented in MD exist, albeit lacking the phonon-confinement, ballistic transport,
defect and grain boundary scattering effects natural to MD. This project will greatly improve the state-of-the-
art, consisting of a few attempts at adding electronic effects to MD, by fully coupling the thermal and electronic
transport in a rational framework, extending the regimes of application with new models and rigorously treating
defects. We have taken partial differential equation (PDE)-based models of the coupled electron-phonon

system and represented the electron transport by finite elements (FE) and the phonon system with MD. By
coupling classical MD to FE-based models of the missing physics, we are enabling the simulation of a broad
range of physical phenomena from the rapid exchange of heat between the electron and phonon carriers in

a lattice through current-induced thermal failure of nanowires. Our approach is intrinsically multiscale and
multiphysics. Furthermore, the tight coupling between the MD and FE paradigms utilizes the inherent strengths
of each. We will enable predictive simulation for applications such as nanowire lasers, components of integrated
semiconductors circuits and superlattice thermoelectrics where the effects of nanosized structures and electronic
transport are equally important. Moreover, in the process of developing the methods needed to address
electronic transport effects in MD, we anticipate discovering novel means of describing and predicting coupled
nanoscale transport.

Summary of Accomplishments

In this three year project we have developed new theory on the incoherent, coupled transport of energy via
electrons and phonons, new algorithms for coupling molecular dynamics with finite-element based models of
transport, and novel means of estimating transport coefficients from first principles, time-dependent density
functional calculations. The work has been documented in a number of presentations and publications.
Moreover, we have released working, validated simulation code to the general scientific community via an add-
on package to Sandia’s widely-used LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator)
code. We expect this to generate new algorithms and applications in the national interest. We also have seen
clear extensions to this work that have resulted in multiple follow-on projects based on the fundamental
multiphysics and multiscale algorithms developed in this project.

Significance

High-efficiency thermoelectrics continue to be relevant to Sandia’s missions and nanoscale powered devices are
becoming increasingly so. The design of nanosized devices and simulating the relevant physics impact a wide
range of DOE/NNSA applications including energy production, communication, and sensing applications. This
project and the enabling simulation it develops will impact the design and understanding of the fundamental
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behavior of these devices.

Refereed Communications
R.E. Jones, J.A. Templeton, G.J. Wagner, D. Olmsted, and N.A. Modine, “Electron Transport Enhanced

Molecular Dynamics for Metals and Semi-Metals,” International Journal for Numerical Methods in
Engineering, vol. 83, pp. 940-967, March 2010.

32
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Solution Methods for Very Highly Integrated Circuits
117787

Year 3 of 3

Principal Investigator: H. K. Thornquist

Project Purpose

While advances in manufacturing enable the fabrication of integrated circuits containing tens-to-hundreds of
millions of devices, time-sensitive modeling and simulation necessary to design these circuits poses a significant
computational challenge. This is especially true for mixed-signal integrated circuits where detailed performance
analyses are necessary for individual analog/digital circuit components and the full system. When the integrated
circuit has millions of devices, performing a full system simulation is practically infeasible using currently
available Electrical Design Automation (EDA) tools.

The proposed research addresses the computational difficulties introduced by these large nonlinear dynamical
systems by using Model Order Reduction (MOR) to reduce the overall dynamical system size and generate
specialized preconditioners that accelerate the underlying linear system solution computation. Some commercial
EDA tools use linear MOR techniques for circuit interconnects, but robust methods for nonlinear MOR are
nonexistent. Our goal is to develop robust nonlinear MOR techniques, as well as apply linear and nonlinear
MOR techniques to individual devices or groups of devices in a circuit automatically using the circuit-level
descriptions. While this approach effectively reduces the overall dynamical system size, efficient and scalable
preconditioners are still vital to the feasibility of a full system simulation.

We will use information about the dynamical system behavior obtained by the MOR methods to pursue
innovative, scalable preconditioning techniques for the reduced or full dynamical system. Success in this
endeavor will provide capabilities for impacting the simulation of sensor systems and other circuit design
challenges (e.g., parasitics, environmental/radiation effects). It would also potentially re-vector the EDA
industry towards accurate, device-level simulation to help resolve nanoscale design challenges for the larger
semiconductor industry.

Summary of Accomplishments

The progress made on this project has mainly addressed the research and development of linear and nonlinear
model order reduction (MOR) techniques for generating broadly applicable macromodels. A thorough
assessment of the current linear and linear time-varying MOR techniques has been performed and the methods
are implemented in Myce, a Matlab circuit simulator written at Sandia. Current nonlinear MOR techniques have
been assessed, but not fully implemented in Myce. So far, the nonlinear MOR assessment illustrates that the
most robust approach was found in the piecewise-polynomial method and the most efficient was the empirical
interpolation method.

In the assessment of the current linear and nonlinear time-varying MOR techniques, several deficiencies were
identified as unique opportunities for us to impact the applicability of MOR to realistic science and engineering
problems:
* The most promising linear MOR method, an optimal H2 approach, was extended to linear time-invariant
systems in descriptor form by decoupling the differential algebraic equations into proper and improper
portions and then applying the optimal H2 approach to the proper portion.
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» Singular-value decomposition (SVD)-based methods, like the optimal H2 approach, have provable error
bounds only in terms of the power difference between the original and reduced systems. A somewhat
more useful notion of error can be measured in terms of peak amplitude. For this notion of error, we have
developed a novel approach that uses L1 norm minimization for MOR.

* We have developed a new approach for linear time-varying (LTV) MOR that circumvents the larger
dimension LTV transfer function and, if successful, would be a significant contribution to the MOR
community.

Some progress has been made in the area of preconditioning: We have developed a specialized multigrid
algorithm for solving linear systems generated by power grids or parasitic networks.

Significance

The proposed R&D will significantly impact the design of very-large mixed analog/digital circuits, including
satellite Focal Plane Arrays and radiation-hardened application specific integrated circuits (ASICs) for nuclear
weapons (NW) and other key national security applications as well as dynamical network problems like
power distribution networks. Implementation of successful techniques will be available via Trilinos to other
application areas, beyond circuit simulation, that are also of great importance to a variety of DOE and other
federal agencies.

Refereed Communications
K.R. Santarelli, “A Framework for Reduced Order Modeling With Mixed Moment Matching and Peak Error
Objectives," to be published in the SIAM Journal on Scientific Computing.
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Scalable Solutions for Processing and Searching Very Large

Document Collections
117788

Year 3 of 3

Principal Investigator: D. Dunlavy

Project Purpose

Intelligence analysts have a large data problem. They answer questions of national security under extreme time
pressure, and current tools cannot handle the volume of data they must consider. In addition, they explore data
iteratively by testing various "what-if" scenarios. As a result, quick turnaround time for processing, searching,
and exploring large document collections is critical. No end-to-end scalable visual text analysis capabilities
exist today, and this prevents analysts from exploring, annotating, and analyzing existing petascale document
collections. The goal of this work is a suite of independent, scalable capabilities to process and search large
document collections for use in data analysis and visualization — software that can efficiently leverage parallel
algorithms. We will develop exact and conceptual searching methods as well as relevance feedback methods
(i.e., active learning methods) for reducing uncertainty inherent in text analysis. Our end-to-end system

will serve two purposes: (1) as a production capability, and (2) as an environment for rapid prototyping of
algorithms. Initial uses of this new system will include application of existing methods to new problem areas
and the development of hybrid algorithms that combine new and existing algorithms in novel ways.

LDRD investment in this project is crucial at this stage of development due to the risk involved (as the first
end-to-end fully parallel data and execution text analysis and visualization pipeline) and the need for deeper
understanding of the issues and challenges related to coupling text analysis, visualization, and user feedback
methods for use in large-scale data analysis.

Summary of Accomplishments
In the final year of the project, we accomplished the following tasks:

1. Completed development scalable text analysis pipeline architecture (ParaText) in which all components
could utilize resources in parallel on either a distributed memory or multithreaded environment. This
was released as a capability within the Titan open source information visualization framework.

2. Open source release of the HEMLOCK toolkit for heterogeneous ensemble modeling for data
classification problems.

3. Development of TextView, a software tool for visually comparing text analysis models generated using
Latent Semantic Analysis and Latent Dirichlet Allocation, two modeling methods available in the
ParaText software.

4. Collaboration with the research group developing the Linguistica software tool for linguistic analysis
of text corpora. The morpheme analysis capabilities from the Linguistica tool are now available from
within the Titan framework.

5. Demonstration of strong scalability of the ParaText system on Sandia’s Thunderbird cluster using
up to 512 processors. This work was published in the Proceedings of the ACM Symposium on High
Performance Distributed Computing.

Significance
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The volume of textual data is increasing exponentially and analysis tools are critical to understanding the vast
collection of human knowledge and current events. The capabilities developed in this project will provide
intelligence analysts with the most efficient text processing capabilities available, significantly reducing
turnaround time associated with data exploration, hypothesis testing, and collaborative analysis, speeding
analysis and detection of national security threats.

Refereed Communications

D.M. Dunlavy, T.M. Shead, and E.T. Stanton, “ParaText: Scalable Text Modeling and Analysis,” published in
Proceedings of the 2010 ACM International Symposium on High Performance Distributed Computing, New
York, NY, June 2010.
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Scaling I/O for High Performance Commodity Clusters
117789

Year 3 of 3

Principal Investigator: B. A. Allan

Project Purpose

While machine capabilities grow, file system advancement is falling far behind. Specialized distributed parallel
file systems are developed outside of the Linux mainstream. Although the Linux mainstream distributed file
system, NFS (network file system), is slowly being improved in functionality, the bulk of the effort is aimed at
improving random input/output (I/O) for business applications rather than streaming 1/O of high performance
computing (HPC) applications. Recent benchmarking efforts show that less than 15% of the available
bandwidth is utilized for streaming NFS writes, even though the same tests achieved 90% or more for reads.

We identify two strategies to optimize streaming writes on the client side. First, re-implement the Linux NFS
client to be procedure-based, multithreaded and asynchronous. The NFS client can then perform network I/0
simultaneously with the application data writing on multicore machines. Second, improve the behavior of the
Linux virtual file system (VFS) and virtual machine manager to increase overlapping of application and network
I/0. We will collaborate and consult with the Linux NFS, kernel, and network researchers in designing, testing,
and building community support for changes to the Linux NFS that will enable open-source systems to achieve
high streaming write throughput required by HPC applications. We propose to study the new algorithms on
HPC clusters not commonly available in the NFS and kernel developer communities, to demonstrate changes to
the NFS implementation to remove the bottleneck in NFS writes, and to build community advocacy for having
these HPC-favorable changes migrated into the Linux mainstream.

Summary of Accomplishments

To diagnose the issues preventing good utilization, we worked up a set of baseline measurements and then
instrumented the Linux kernel to ascertain throughput at various key points. This work showed two key points
of the issue: first, that the Linux NFS stack, with or without bypass-enabled transports such as NFS/RDMA
(remote direct memory access ) was only capable of 600 MB/s (out of a potential 1.2 GB/s); second, that the
NFS/RDMA transport was only preregistering small payloads for each remote direct memory access operation.

We corrected the identified issues, resulting in an improvement from ~320 MB/s to 425 MB/s. To correct

the issues we, first, modified the Linux kernel NFS/RDMA transport to attempt payloads twice as large as
previously and, second, profiled the kernel that identified the memory copies between user-space and memory-
space as the prime contributor in the inherent limitation identified in the diagnostic phase. The NFS/RDMA
transport changes improved performance in all cases. Elimination of the memory copies required application
changes and, so, only improved applications realized this benefit.

We propagated our changes by working with the maintainers of the affected source codes. We developed a
“supermon” reader called “FTQ-10.” The supermon changes have been made available to the maintainers at
Hewlett-Packard and IBM has requested the FTQ-10 reader.

We have reported via submission of a paper titled “On Scaling I/O for Commodity Clusters” to Cluster ‘09, a
peer reviewed conference.
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We analyzed the current performance of pNFS (NFS v4.1 open-source prototype implementations), PVFS,
and Lustre on streaming write benchmarks. We identified a protocol-independent Linux kernel bottleneck that
prevents single-process compute nodes from achieving more than 50% of the available network hardware
bandwidth for streaming writes on high-speed interconnects. We published the benchmark results as a Sandia
technical report.

Significance

This work is relevant to the goal of nuclear weapons stewardship, and supports the strategy of developing
capabilities needed for long-term stewardship in the future. Many scientific applications perform periodic
streaming writes for either check-pointing or storing intermediate results. These applications will benefit from
the overall performance gain if we eliminate the NFS write bottlenecks on the client, yielding more-timely
simulation results as we scale to larger machines. The results indicate that changes to fundamental buffer
management and process scheduling in the Linux kernel are needed if saturating Linux compute-node network
links is to be achieved.
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Surface Rheology and Interface Stability
117790

Year 3 of 3

Principal Investigator: L. A. Mondy

Project Purpose

We experimentally investigated the surface rheological properties of surfactant solutions, as well as the
stability of foams made with these solutions, to extend our physical knowledge of multiphase flows and

guide the development of constitutive models for the mechanical behavior of interfaces. Interfacial properties
are distinct from bulk properties on either side of the boundary, are not well understood, and are difficult to
predict. Although interfacial properties have been studied for some time, the complexities of interactions
among surfactant molecules, adsorption characteristics, dependence on the geometry of the interface, and the
inherent multiscale nature of interfaces mean that much interfacial physics remains a mystery. We established
unique laboratory capabilities by coupling information obtained using shear and dilatational interfacial stress
rheometers with optical trapping and manipulation of microparticles (a novel micro-interfacial rheometer) to
provide cutting-edge experimental discovery necessary to extend current computational models. Gathering data
with multiple techniques was shown to be a necessity in many cases, as each technique had different limitations
and sensitivities. Newly developed constitutive models were incorporated into Sandia’s multiphysics codes;
however, the computations proved difficult to converge. Suggestions for improvements to the implementation
were made. Currently, no commercially available code can include surface rheological effects; therefore, when
completed, this work will result in a unique capability for Sandia. Finally, the new experimental techniques can
provide future measurements important to other computational capability development in progress, such as the
ability to predict interactions between emulsifying agents used in foam processes or nanoparticle interactions in
suspensions, where the physics is dominated by the thin films of the continuous phase.

Summary of Accomplishments

We developed a mature laboratory at Sandia to measure interfacial rheology, using home-built, commercially
available, and customized commercial tools. An interfacial shear rheometer (KSV ISR-400) was modified and
the software improved to increase sensitivity and reliability. Another shear rheometer, a TA Instruments AR-G2,
was equipped with a Du Nouy ring, bicone geometry, and a double wall ring. These interfacial attachments were
compared to each other and to the ISR. The best results with the AR-G2 were obtained with the Du Nouy ring.
A micro-interfacial rheometer (MIR) was developed in house to obtain the much higher sensitivity given by a
smaller probe. However, we found it difficult to apply this technique for highly elastic surfaces. Interfaces also
exhibit dilatational rheology when the interface changes area, such as occurs when bubbles grow or shrink. To
measure this rtheological response we developed a surface dilatational rheometer in which changes in surface
tension with surface area are measured during the oscillation of the volume of a pendant drop or bubble. All
instruments were tested with various surfactant solutions to determine the limitations of each. In addition,
foamability and foam stability were tested and compared with the rheology data. We found that there was no
clear correlation of surface rheology with foaming/defoaming with different types of surfactants, but, within a
family of surfactants, rheology could predict the foam stability. Diffusion of surfactants to the interface and the
behavior of polyelectrolytes, were two subjects studied with the new equipment. Finally, surface rheological
terms were added to a finite element Navier-Stokes solver and preliminary testing of the code completed. We
provided recommendations for improved implementation. When completed, we plan to use the computations to
better interpret the experimental data and account for the effects of the underlying bulk fluid.
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Significance

This work will improve Sandia’s core capability in modeling and simulation of fluid flow and complex coupled
phenomena, allowing Sandia to become a leader in modeling interfacial rheology. Benefits will include better
understanding of materials and processes dominated by interfacial effects, ranging from foaming and defoaming
strategies in energy and environmental management programs to innovative microfluidic processes to create
particle-doped membranes and other advanced materials. This work will have an immediate impact on the
ability to develop work for others programs based on interest already shown by companies (e.g., Proctor &
Gamble). The new laboratory will give us the ability to better characterize emulsions and foams in nuclear
weapon development, including potential new polymeric foams for encapsulation and ceramics processed
from emulsions for thermal battery applications. We expect immediate impact for potential oil recovery,
environmental restoration, nanotechnology and microfluidics applications that may occur in the future.
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"Equation-Free" Simulation Methods for Multiple Timescale

Diffusion Processes in Solids
130732

Year 2 of 3

Principal Investigator: G. J. Wagner

Project Purpose

The purpose of this project is to develop a set of algorithms and computational tools, based on an “equation-
free” multiscale modeling approach, in order to allow predictive simulation of long-timescale diffusion
phemonena important in the synthesis, performance, and aging of materials. Traditional molecular dynamics
(MD) simulation is not tractable for most of these problems because of the long timescales involved. To make
progress, we can note that the quantities most of interest to a modeler can be described at a much coarser level
than the atomic scale. One method that takes advantage of this fact is the so-called equation-free approach,
which uses microscale computations, like MD simulations, as a set of numerical experiments from which can be
distilled macroscale information, such as time derivatives of coarse-scale variables. We propose to use equation-
free methods to extend the timescale in atomistic simulations to that necessary to accurate simulate and predict
diffusion processes. However, an equation-free method that uses MD for its fine-scale simulations is likely

to fail for problems driven by rare events, like atom hopping in diffusion, since MD cannot capture enough
events in a short amount of time to be statistically relevant. The key innovation in our project is to use extended
timescale methods, like Kinetic Monte Carlo (KMC) and Temperature Accelerated Dynamics (TAD), for the
fine-scale computations that inform the continuum-level evolution in an equation-free approach; these methods
themselves have their own size and timescale limitations that can be overcome by our novel combination of
approaches. This project, if successful, will fill an important gap in Sandia’s ability to perform atomic scale
simulation of material stability and nanoscale transport over long times, phenomena that are vital to modeling
aging of the nuclear stockpile as well as to the synthesis and performance optimization of nanostructured
materials.

Summary of Accomplishments

The first major goal of our project is to develop extended timescale methods for surface diffusion using
equation-free projective integration (EFPI). The keys to this method are the identification of a set of coarse-
scale variables that parameterize the system, and the development of interscale operators that map between the
coarse and fine descriptions. We have developed these interscale operators for surface diffusion, and found that
it is necessary to include statistical information about the surface fluctuations in the coarse parameterization
through the use of spatial correlation functions. It is also important to carefully delineate between fast and
slow variables in the system. Using this method we have demonstrated 20x speed-ups for 2D surface diffusion
models. We have recently extended our interscale operators for efficient use in 3D, and are applying this
technique to the full 3D diffusion problem.

The second major goal of the project is to implement and study extended-timescale molecular dynamics
methods, such as TAD, and use them as microscale simulators in EFPI simulations of interlayer diffusion of
unlike metals. As a step toward full implementation of TAD in the Sandia molecular dynamics code LAMMPS
(Large-scale Atomic/Molecular Massively Parallel Simulator), we have implemented two components of the
algorithm that are important tools in their own right: Parallel Replica Dynamics that uses multiple independent
replicas of the system to detect and propagate rare events; and Nudged Elastic Band, a method for finding
energy barriers and transition states. Finally, we have developed interscale operators for bulk diffusion problems
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using a simulated annealing technique, in which a microscale configuration is randomly modified so as to
minimize the difference between the current and desired coarse parameterizations. This very general approach
should have application as a coarse-to-fine operator in EFPI simulation of a wide variety of problems.

Significance

This project will provide a new capability to perform atomic scale simulation of material stability and
nanoscale transport over long times, phenomena that are vital to modeling aging of the nuclear stockpile. The
tools we develop will have application to the predictive simulation of the synthesis, performance, and aging
of nanostructured materials, allowing modelers to bridge multiple scales and perform predictive simulation
of a number of phenomena important to Sandia. The high-performance materials whose design, study, and
optimization are enhanced by the methods developed in this project will benefit a range of Sandia missions,
including engineered nuclear weapons systems and emerging energy technologies.

Refereed Communications

G.J. Wagner, X. Zhou, and S.J. Plimpton, “Equation-Free Accelerated Simulations of the Morphological
Relaxation of Crystal Surfaces,” International Journal for Multiscale Computational Engineering, vol. 8, pp.
423-439, 2010.
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Bayesian Data Assimilation for Stochastic Multiscale Models

of Transport in Porous Media
130734

Year 2 of 3

Principal Investigator: J. Ray

Project Purpose

The project seeks to develop Bayesian techniques to infer multiscale coupling in heterogeneous physical
processes by conditioning on observations. The fundamental difficulty in multiscale problems arises from the
indeterminacy in extrapolating from fine-scale models to coarser levels. Simultaneously, coarse-scale models
are unable to provide sufficiently resolved inputs to fine-scale models. Our core hypothesis is that physical
variables affected by multiscale processes may be represented as multiscale random fields, with interscale
dependencies modeled as conditional probabilities. Thereafter, on the availability of static and dynamic (system
response) observations, the inference of the parameters of the multiscale random fields (and those necessary
for defining the conditional probabilities) completes the specification of the multiscale coupling. However, this
specification is mathematically difficult at realistic resolutions, given the high dimensionality of the problem.
Reduced-order representations of multiscale random fields and efficient means of updating/exploring posterior
probabilities form the bulk of the methodological research for this project. Although our techniques are general,
we will demonstrate them on problems of porous media transport that are found in CO, sequestration, fuel
cells, nuclear waste, etc. In FY 2009 we addressed the problem of inferring permeability from multiscale static
and dynamic observations. Our preliminary efforts at inferring permeability fields show significant challenges
in exploring the joint posterior probability, due to slow mixing of the Markov Chain Monte Carlo (MCMC)
method. In the rest of FY 2009 and much of FY 2010, we explored means of improving the efficiency of

the approach. Techniques being considered include low-dimensional representation using Karhunen-Loeve
bases as well as the employment of multiscale/multilevel random fields so that data may be assimilated at a
resolution where it was measured. Replacement of the forward model with an approximate surrogate will also
be considered in certain cases.

Summary of Accomplishments

Over the last year, we have devised a statistical technique to estimate a multiscale field in a spatial domain
from sparse and indirect observations. The technique is designed for fields that contain a range of length scales,
only some of which can be fully resolved on the global computational mesh. Observations consist of static
measurements that provide detailed information in a very localized region, and dynamic measurements of the
response of the medium that are indirectly informative on a range of scales in the domain. In doing so, we
integrate concepts from multiscale random field models, their low-order representations, and spatial statistics
to pose and solve a Bayesian inference problem for the properties of interest. The inference procedure fully
quantifies uncertainty arising from limited data, observational error, and subgrid modeling.

The technique was used to infer a 2D permeability field with a large dynamic range. We approximated it as a
binary medium, consisting of a low-permeability matrix with small, unresolved high-permeability embedded
inclusions. The proportion (volume fraction) of the inclusions varied in space and the effective permeability of
the medium is a nonlinear (and discontinuous, due to percolation effects) function of the volume fraction and
inclusion size. Observations consisted of permeability measurements over a few grid-blocks/sub-domains and
tracer breakthrough times at a few observation points. The objects of inference were the volume-fraction field,
an average size of the inclusions, and the permeability field, conditioned on the data. A novel development
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enabling such an inference was the creation of a probabilistic subgrid model that estimated the effect of the
unresolved scales as a function of both coarse- and fine-scale quantities. Other advances were methodological,
and increased the efficiency of inference.

The key accomplishments of this project are 1) development of parallel MCMC samplers, 2) development

of Ensemble Kalman Filters (EnKF)-based technology for problems of inference, 3) experience with and
demonstration of the use of Karhunen-Loeve expansions in large inferential problems, and 4) development of
statistical subgrid models to represent unresolved physics/structures and their use in a problem of inference.

Significance

The project connects to DOE’s ongoing research efforts in CO, sequestration, environmental remediation of
dense non-aqueous phase liquid contaminated sites and transport-reaction coupling in fuel cells. This project
is consistent with Sandia’s DoD mission space in areas of transport and decontamination of chemical warfare
agents and toxic industrial chemicals in porous/construction media. Inference techniques developed here will
also apply to multiscale network models anticipated for control-systems purposes in next generation electric
(green) grid research.

The first two accomplishments, above (parallel MCMC samplers and EnKF-based technology) are algorithmic
and can be applied to any problem (of an inferential nature) of interest to Sandia. While both have been in
practice for some time, they are new to Sandia, and will be critical as we transition to new problems of an
environmental/climate nature. In this regard, the EnKF methods will be used in estimating CO, emissions

from sparse observations, within the context of a new project. We are also applying them in estimating the
permeability of binary-like media e.g., fractured media, that arise in CO, sequestration and environmental
decontamination/remediation problems. The third, the use of truncated KL expansions as a convenient reduced-
order model for high-dimensional fields can find use in the development of surrogate models, traditionally
performed with Gaussian Process models (e.g., as part of advanced simulation and computing uncertainty
quantification work in DOE/NNSA), in the inference of 2D/3D fields, and in matrix completion problems of
many kinds. The last, development of simple, statistically based subgrid models, can be used in representing
random porous media, ranging from geological strata to ageing explosives, when estimating their characteristics
from data. We have obtained follow-up funding based on the results developed in this project.
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Computational Mechanics for Geosystems Management to

Support the Energy and Natural Resources Mission
130739

Year 2 of 3

Principal Investigator: C. M. Stone

Project Purpose

US energy needs include more economical extraction of fossil fuels, increasing recoverable reserves, protection
of water resources, reduction of the impact of fossil fuels on climate change, mining nuclear fuel sources with
minimal environmental impact, and technologies for safe disposal of energy wastes. Long-term solutions to
these needs will require the ability to simulate, model, and predict behavior of subsurface systems including
complex, heterogeneous mineral and porous rock thermo-chemo-mechanical behavior as well as the interactions
with multiphase pore fluids and microbial activity. Accordingly, we are developing a coupled thermal,
hydrological, mechanical, chemistry (THMC) simulation capability for massively parallel applications. Key
research issues to be addressed are related to phase appearance/disappearance, geologic heterogeneity and other
subgrid phenomena, robust solvers for fully coupled systems, and methods to deal with disparate time and
length scales for the coupled multiphysics. An additional research issue is to develop/implement geomaterial
constitutive models that directly utilize the coupling between porous flow, chemistry, and mechanics. To

solve these complex issues, this project integrates research in numerical mathematics and algorithms for
chemically reactive multiphase systems with computer science research in adaptive coupled solution control
and framework architecture. The resulting coupled THMC code would be unmatched by any commercial or
proprietary software. The new software would allow for multiphysics modeling on spatial/temporal scales not
currently available. This development will impact Sandia’s ability to respond to immediate national needs for
energy security and solutions to global climate change. This project will promote further collaborations with
industry, universities (including a collaboration with the University of Texas at Austin’s Center for Subsurface
Modeling), and other national labs on reactive transport modeling of deforming geomaterials.

Summary of Accomplishments

We have completed the project milestones listed for late FY 2009 and through the third quarter of FY 2010.

We have demonstrated several multiphase flow (nonisothermal water/air with real thermodynamics, phase
appearance/disappearance) benchmark problems, including a heat pipe problem that verifies implementation of
evaporation/condensation, capillary pressure, binary gas diffusion and dry out (liquid phase disappearance). We
have also implemented a two-phase, compressible or incompressible, immiscible flow system, as the initial step
towards modeling carbon management problems. We have successfully solved a two-phase flow international
benchmark problem involving injection of supercritical CO, into a brine aquifer intersected by a leaky well.

We have also modeled several variations of a multiphysics waste repository problem in clay, which coupled
THMC processes into one 10,000-year simulation. Important physics observed include a dry-out region near

the heat-producing waste package with subsequent re-wetting as the repository cools and fluid wicks back

into the previously dried clay near the waste canisters. We have also implemented a capability for modeling
heterogeneous materials and are applying this capability to investigate the impact of heterogeneous permeability
on CO, leakage. We developed a novel strategy for coupling capillary pressure across material interfaces,
allowing for a true jump in saturation across the interface; commonly used methods average across the interface.
We have also developed an algorithm for implementing phase appearance and disappearance for general fluid
mixtures. The Chemeq chemistry package has been linked with the porous flow enabling its use for chemically
reactive flow problems. Documentation includes a journal paper, a SAND report, a conference paper in
conjunction with a conference presentation; technical presentations have been made to other national labs (e.g.,
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National Energy Technology Laboratory); and an invitation to present a short course tutorial on multiphysics
coupling at an international repository science meeting.

Significance

The accomplishments from this project enable Sandia to address many of the issues associated with protecting
our economic and national security by assisting in the development of a diverse energy portfolio. In particular,
the simulation software developed in this project enables Sandia to address the wide range of multiphysics

and multiscale issues associated with the entire energy cycle from in situ fuel extraction to waste disposal. Our
research and development accomplishments demonstrate a foundational capability to model heterogeneous
subsurface geosystem problems involving coupled thermal, mechanical, chemical and multiphase flow physics
on massively parallel computers. The progress to date provides the proof of concept that our techniques for
coupling multiphysics modules are viable and generally applicable.

We have made significant progress toward integrating the coupled, multiphysics simulation software developed
in this project to Sandia and (DOE) strategic goals of Energy, Science and the Environment. The simulation
software has been used in several key Sandia energy projects, in particular, clay/shale and salt repository studies
and CO, sequestration initiatives. This capability supports Sandia initiatives directed at establishing Sandia

as the center for repository management and analysis (nuclear waste and compressed air energy storage), and
energy security (CO, sequestration). This work has led to several new projects both at Sandia and external to
Sandia, for example, new LDRD project on experiments and models for investigating clay/shale high-level
waste repositories. Munitions/weapons safety will fund further development and validation of reactive transport
to study hot gas channeling in the foam decomposition abnormal thermal environment. This work also led

to a proposal to the DOE Office of Electricity for compressed air energy storage and to negotiations with the
Southwest Partnership for Carbon Storage to apply the simulation capability to study coupled geomechanics
effects associated with supercritical CO, injection in deep saline aquifers.

Refereed Communications
K.B. Nakshatrala and D.Z. Turner, “A Stabilized Mixed Formulation for Modified Darcy Equation,” to be
published in the International Journal of Engineering Science.
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Experimental Characterization of Energetic Material Dynamics

for Multiphase Blast Simulation
130740

Year 2 of 3

Principal Investigator: S. J. Beresh

Project Purpose

Accurate simulation of energetic material detonation is crucial to a variety of national interests involving
explosive devices, including vulnerability of weapons and structures to nearby explosions, blast mitigation,
improvised explosive device (IED) protection, and enhanced blasts. Unfortunately, such predictive capability
is limited by a lack of knowledge of the underlying phenomena of the earliest stages of the blast, where the
particle dynamics of the fragmented materials within the gas expansion products are pivotal to understanding
the continuing reaction. The complication is that, at the explosion’s onset, the particles are densely packed
within the expanding flow, whereas our knowledge of the process is restricted to dilute concentrations. One of
the great challenges is that the opacity of the flow due to the large particle density prevents usage of common
fluid dynamics diagnostics, and instead requires the development of unconventional measurement approaches.

We propose to fill this knowledge gap by constructing an unprecedented multiphase shock tube that can drive

a shock front into a particle/gas mixture of a selected fill fraction, then measure the motion of the densely
packed particles within the expanding gas. To penetrate the dense flow and provide measurement of the particle
velocities, we seek to exploit measurement concepts previously utilized for multiphase flows and high-energy
physics and adapt them to the uncommon difficulties of the present problem. No such experimental technology
presently exists. The most promising approaches use x-ray sources, or potentially strong incoherent visible light,
in concert with specifically designed tracer particles. Finally, while velocity measurements are of the greatest
value, the lack of knowledge of this flow field is so profound that even delivery of simpler measurements

such as shock speeds and pressure histories would represent a valuable contribution. By providing crucial

new physical data, we can boost the level of fidelity in algorithms used to simulate blasts in national security
applications.

Summary of Accomplishments

The principal activity has been devoted to the development of the multiphase shock tube. This novel facility
can be conceptually divided into the shock tube itself to initiate a planar shock wave traveling through a duct,
and the particle-laden test section to study the shock interaction with the dense particle/air mixture. A Mach-2.3
shock tube has been built in accordance with the design constraints identified during the project’s first year, with
the first shot achieved in April 2010. To make it a multiphase shock tube, the particle curtain developed during
the first year to serve as a dense particle suspension scheme must be incorporated into the tube; this hardware
is being fabricated at the time of this writing, with delivery scheduled for late April. Once the particle curtain
has become operational within the shock tube during the 3rd quarter of FY 2010, this will complete one of the
project’s two primary goals, the development of a multiphase shock tube; no other testing facility like it exists
in the world.

In concert with the development of the multiphase shock tube, we are developing a particle velocimetry
diagnostic that can function despite the opacity of the flow. This approach involves seeding a particle curtain
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composed primarily of weakly attenuating particles with a small fraction of tracer particles, that when backlit
with x-rays, will form readily identifiable shadow images. Two frames in rapid succession can track the motion
of the shadow images using cross-correlation algorithms. We have successfully tested this approach using an
x-ray source to illuminate a test cell representative of the multiphase shock tube flow. Similar x-ray sources are
available within the center for use in the shock tube during this project, and a plan currently is being developed
for their relocation and operation in conjunction with the shock tube.

Significance

Although explosives researchers have, for many decades, futilely sought gas dynamics data in densely packed
shock-driven two-phase flows, more recent improvements in energetic materials and, most particularly, growth
in nonintrusive measurement capabilities make this field currently ripe for further development. Even partial
success in the current project would provide a unique capability within the broader national establishment

and be of significant service to the explosives community. A consequential improvement to blast simulation

is unlikely to occur without improving the physical understanding of the reaction regime immediately
following detonation. Because of the almost complete lack of knowledge of such complex flow physics, both
at Sandia and throughout the scientific community, the provision of even limited data would be a great boon

to modeling and simulation efforts used to support both explosive design and vulnerability assessment. Such
improvements would benefit core Sandia responsibilities regarding vulnerability of weapons and structures to
nearby explosions, facilities protection, and blast mitigation. Furthermore, given that Sandia is involved in other
research initiatives covering such explosive topics as enhanced blasts, structure-coupled blasts, IED protection,
and thermobaric explosives, an infusion of new data is of direct and wide-ranging importance. Potential also
exists to port newly developed diagnostics to related explosive tests and field-scale validation activities. Thus,
this research effort is of great interest to Sandia’s defense programs, and additionally to the broader national
defense establishment.
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Nanomanufacturing: Nanostructured Materials Made
Layer-by-Layer

130741
Year 2 of 3
Principal Investigator: P. R. Schunk

Project Purpose

Large-scale, high-throughput production of nanostructured materials (i.e., nanomanufacturing) is crucial to
national security and a strategic area in manufacturing, with markets projected to exceed $1 trillion by 2015.
Nanomanufacturing is still in its infancy; process/product developments are costly and only touch on potential
opportunities enabled by growing nanoscience discoveries. Interestingly, the greatest promise for high-

volume manufacturing lies in age-old coating and imprinting operations. For materials with tailored nm-scale
structure, imprinting/embossing must be achieved at high speeds (roll-to-roll) and/or over large areas (batch
operation) with feature sizes less than 100 nm. Dispersion coatings with nanoparticles (NPs) can also tailor
structure through self- or directed-assembly. Layering films structured with these processes has tremendous
potential for efficient manufacturing of microelectronics, photovoltaics and other nanostructured materials. This
project is aimed at expediting benchtop-to-manufacturing scaleup through modeling and simulation; project
success is critical for broadening Sandia’s advanced simulation and computing class software for impact in
nanoengineering. Connecting machine design variables to design parameters (e.g., feature size/structure) is
challenging due to a large range of relevant length/time scales. Computational models of coating and imprinting
operations have been invaluable to manufacturing; application to nanomanufacturing is topical, uncharted

and ripe for scientific breakthroughs. In this project’s first two years, research and development has led to
innovations in finite-element technology, subgrid physics models, experimental discoveries, and unprecedented
multiscale analysis, leading to heightened interest and even additional funds from private industry.

Summary of Accomplishments

Subtasks of this project are directed at representative suboperations of a commercially viable manufacturing
processes known as SFIL (step-and-flash imprint lithography). Specifically, the fundamental unit operations are:
coating (spraying), imprinting, solidification, embossing/releasing, and directed nanoparticle assembly. We now
address significant accomplishments in turn.

* Imprinting model development and discovery: 1) Single-feature fill models (2D and 3D) with SIERRA
application Aria were accomplished to ascertain parametric sensitivity of filling extent to applied pressure
and liquid volume. Imprinting model development at the atomistic scale was also developed to address
adhesion and atomistic friction effects at nanoscales . 2) Advanced unique stacked lubrication and porous/
structure shell models were implemented in GOMA to address multiple feature filling . 3) We successfully
validated fluid/structural/porous flow shell model with realistic parameters of a model SFIL configuration,
with dynamics predicted for filling trillions of features of a square inch with hundreds of spray drops. We are
awaiting experimental validation data

* Embossing/Releasing model research and development: 1) We accomplished single and multiple feature
model development for release at the atomistic level using LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator) and polymethylmethacrylate. Coarse-grained atomistic friction models to feed
continuum level simulations . 2) Single and multiple (hundreds) feature release models were developed in
the continuum with PRESTO. 3) Coarse-grained PRESTO release models were successfully transitioned to
an “effective toughness” model, and verified against direct numerical simulations.

» Experimental discovery on imprinting with nanoparticles: We demonstrated that an external pressure can be
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utilized to direct nanoparticle assembly and to fabricate new nanoparticle architectures without relying on
these specific interactions. This mechanical compression process opens up a new pathway to the engineering
and fabrication of nanoparticle.

Significance

Breakthrough-technologies for safe, affordable, abundant energy require volume production. Whether it is
photovoltaic, thermoelectric, or photosynthesis technology, nanotechnology discoveries are stymied by lack of
a viable manufacturing approach. This project expands Sandia and DOE’s existing nanotechnology thrusts in
these areas into the manufacturing sector and increases the return-on-investment in nanoscience; current DOE
programs are not addressing manufacturing to our knowledge.

Within Sandia and with respect to DoD, benefits from the computational technology are numerous. Already,
we have applied the shell technology to a Naval rail-gun program with success. We have proposed with several
S&T organizations the use of the computational technology to address and even explore forces and mechanics
at the nanoscale and to survey alternate methods to produced patterned layers at the nanoscale. Exemplary
applications central to Sandia’s mission space are interface materials for weapons components, electrode and
active-layer materials for energy storage (battery) and conversion (fuel cell) devices, and patterned substrates
for optical transmission control and other lithographic needs.
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Optimization of Large-Scale Heterogeneous System-of-

Systems Models
130742

Year 2 of 3

Principal Investigator: J. D. Siirola

Project Purpose

A major challenge for decision-makers is the analysis of national-scale man-made systems that are composed
of interacting subsystems. Effective integration of subsystem models is difficult; there are many discrete system
parameters to analyze, and there are fundamental modeling uncertainties that complicate an analysis.

This project is developing methods to effectively analyze heterogeneous system of systems (HSoS) models
that have emerged as a promising approach for describing complex man-made systems. An HSoS model is

a heterogeneous assembly of system models that can operate as a single integrated system whose behavior
reflects the interactions of the constituent system models. HSoS models can leverage system domain expertise
in a modular fashion, so diverse aspects of man-made systems can be integrated into an HSoS model (e.g.,
economics, climate, human behavior).

We are developing efficient optimization techniques that can address modeling uncertainties in the analysis of
large-scale man-made systems. Our goal is to deliver a differentiating capability in the form of peer-reviewed
publications and software that can analyze large-scale HSoS models, including the following:

1. Multi-stage stochastic optimization with recourse to model human decision-making given uncertain
information about the future

2. Risk management to identify system parameters that are insensitive to data uncertainties
Multicriteria optimization to assess tradeoffs between performance criteria

4. Model analysis techniques to identify critical modeling uncertainties and quantify model confidence

The simulation cost of large HSoS models makes black-box optimization prohibitively expensive. Thus, these
optimization techniques will exploit mathematical structure to enable global analysis of mixed-continuous
decision spaces. Prototypical HSoS applications will be used to motivate and evaluate these optimization
techniques, including analysis of future energy infrastructure and multiplatform intelligence collection systems.
These applications will illustrate decision-support capabilities to assess the impact of new technologies, identify
system bottlenecks, evaluate policy choices, and design future systems.

Summary of Accomplishments
*  We extended Progressive Hedging (PH) solver in PySP (Python-based Stochastic Programming) to
a) support minimization of the conditional value at risk measure, b) compute confidence intervals on
the value of final solution, ¢) support scenario clustering scalable parallel optimization, d) devise a
generic infrastructure for parallelizing PH on clusters and massively parallel computers, and e) include a
linearization of the quadratic equations used by PH.

*  We have applied PH to multistage resource allocation and sensor placement problems, and we are
collaborating with researchers at Lawrence Livermore National Laboratory on a test case using a nuclear
weapons-related enterprise planning application.
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*  We developed collaborations with academic groups at the University of California, Davis, Universidad
de Chile, North Carolina State University (NCSU), Texas A&M University, and lowa State University to
use our Coopr (computational infrastructure for operations research) software in a variety of optimization
applications. We have also integrated Coopr into the Computational Infrastructure for Operations
Research (COIN-OR) project, an initiative to spur the development of open-source software for the
operations research community.

*  We began collaborating with researchers at NCSU related to work with energy economic models. We
have identified diversity analysis methods for this application that can be applied to single-objective and
multi-objective formulations.

* We identified candidate mixed-variable surrogate modeling approaches and prototype implementations,
and we identified possible roles for surrogates in mixed-integer and/or stochastic programming
algorithms.

*  We continued to extend the COLIN optimization interface library, which provides an extensible
framework for hybrid optimization. These extensions support our development of multi-objective
optimizers for uncertain objectives.

* Project members gave 11 presentations at international conferences, including one keynote address. Two
conference papers were published. Three other journal articles were submitted.

»  We prepared software releases for several packages: PyUtilib 3.0-3.2 Coopr 2.3; UTILIB 4.1; FAST 2.1-
2.5; PageMarkup 0.1-0.2; TicketModerator 0.3-0.5. There have been over 1000 unique downloads and
checkouts of software packages supported by this project in the past year.

Significance

Many Sandia and DOE programmatic thrusts that concern the analysis of complex man-made systems, and
national infrastructure models are being used to inform government policy, assess risks, and evaluate system
interdependencies. Complex systems analysis is highlighted in numerous investment areas. These optimization
methods can analyze models for the Sandia Water-Energy Nexus, DOE Hydrogen Program, the National
Energy Modeling System, and related problems for the Environmental Protection Agency, the Defense Threat
Reduction Agency, DoD and DHS.
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System-Directed Resilience for Exascale Platforms
130743

Year 2 of 3

Principal Investigator: R. E. Riesen

Project Purpose
Resilience on massively parallel processing systems has traditionally been the responsibility of the application,
with the primary tool being application-directed checkpoints. However, as systems continue to increase in size
and complexity, the viability of application-directed checkpoint as a sole solution decreases. Recent studies
performed at Sandia projected that as systems grow beyond 100,000 components, a combination of factors
lead to checkpoint overheads in excess of 50%. In this project, we will investigate alternative approaches
for applications running on capability-class systems to support resilience. The goal is to provide efficient,
application-transparent resilience through coordinated use of system resources. The primary R&D topics focus
around the problem of continuous computing in the event of a component failure. A preliminary list of required
new capabilities include, but are not limited to the following.
* Application quiescence: the ability to suspend CPU, network, and storage services used by an individual
application without interfering with the progress of other applications;
« efficient state management: the ability to identify, extract, and manage application state in a transparent,
efficient, and non-intrusive way; and
» fault recovery: the ability to transparently replace a failed component without restarting the entire
application.

Summary of Accomplishments

A large portion of effort and time this year was devoted to explore redundant computing. Our poster
presentation at Supercomputing 2009 generated considerable interest and led to a contract with North Carolina
State University to use and enhance our library source code to investigate silent data corruption and develop
methods to detect and correct such errors. We presented some of our early work at Los Alamos Computer
Science Institute workshop on fault tolerance. This led to a collaboration with Oak Ridge National Laboratory
on a proposal to the DOE Office of Science for work that would build directly on outcomes of our LDRD
project work. Our paper was accepted at the workshop on Fault-Tolerance for High Performance Computing
at Extreme Scale, part of the 40th Annual Institute of Electrical and Electronics Engineers/ International
Federation for Information Processing International Conference on Dependable Systems and Networks, and
we have four more papers in submission, two to Supercomputing, and one each to Cluster and EuroMPI. The
simulator, which allows us to explore redundant computing, has been released as open source software and

is available for download from Sandia’s web site. Another contract with the University of New Mexico will
enhance this simulator to explore alternative checkpoint/restart methods and make the timing and bandwidth
constraints of creating a checkpoint more realistic.

We are currently working on refining our memory characterization work and exploring the role new
architectural features, such as graphic processing units and multicore processors, play in creating and managing
checkpoints. Overall we made very good progress toward a formalized understanding of redundant computing
for extreme-scale systems.

Significance
This project is relevant to Sandia’s Science, Technology, and Engineering mission. If successful, it will have a
direct impact on applications in virtually all areas of advanced computing.
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Refereed Communications
R. Brightwell, K. Ferreira, and R. Riesen, “Transparent Redundant Computing with MPL,” EuroMPI 2010,
Stuttgart, Germany, September 2010.

R. Riesen, K. Ferreira, and J. Stearley, “See Applications Run and Throughput Jump: The Case for Redundant
Computing in HPC,” First International Workshop on Fault-Tolerance for HPC at Extreme Scale (FTXS
2010) in conjunction with The 40th Annual IEEE/IFIP International Conference on Dependable Systems and
Networks (DSN 2010), Chicago, IL, June 2010.
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An Internet Emulation System to Enable Predictive Simulation

of Nation-Scale Internet Behavior
141505

Year I of 3

Principal Investigator: R. G. Minnich

Project Purpose
We propose a three-part project aimed to construct an emulation platform that will allow us to model, analyze
and predict the behavior of nation-scale networks.

Recent vulnerabilities in network architectures/protocols have caused intense interest in the development of a
national capability to simulate very large networks to better understand problems with existing networks and to
develop more secure technologies. However, simulations lack the fidelity of testbeds of network hardware and
testbeds cannot scale to the sizes required. Virtualization helps scale testbeds beyond what can be physically
implemented. Using virtual machines (VMs), users analyze large networks by copying and instantiating
machines onto virtual testbeds. Since VMs run the same binaries as physical machines, VM testbeds have
higher fidelity than simulations.

Although VM-based testbeds scale better than physical testbeds, they are limited by the underlying VM
technology. Off-the-shelf VMs (e.g., QEMU, VMware, and Dynamips) allow <25 VM instances to run per
physical host. For large-scale analyses (e.g., to determine protection strategies for nationwide networks), we
require 100—1000 VMs per physical node.

Using recent advances in lightweight virtualization, we propose to develop VMs capable of scaling to
100s—1000s of emulated nodes per processor, enabling simulation/emulation of millions of nodes. We will
investigate methods to configure and collect data from emulations employing millions of VMs on high-
performance computing (HPC) clusters.

Summary of Accomplishments

*  We have developed a prototype botnet — “sandbot” — based on the sand pile model. We have run that
botnet on 25,000 VMs on the “Talon” cluster, as well as on 500,000 VMs on the Lawrence Livermore
National Laboratory (LLNL) Hyperion cluster. We have a movie of the 50,000 node run that we showed
at the SuperComputing 2009 conference, and it shows the emergent behavior of even this trivially simple
algorithm when run at large scale.

»  We have developed tools for visualizing the actions of botnets containing a million virtual machines.

» The data collection software (pushmon) is working very well. We gathered 5 Gbytes of data from pushmon
on one run and the effect on the systems was not measurable; this was a 14 byte heartbeat per host over
500,000 hosts, at an aggregate rate of 1/3 Mbyte/second. This may seem low, but one must consider that it
represents 2 million packets per second, which if managed as individual packets and writes to a file server,
would probably disable it. By comparison, other monitoring systems measure at 10-minute intervals and far
lower aggregate data rates.

» We have set up a data analysis system at LLNL and are beginning to map out the data analysis tasks.

*  We have developed new software (VMatic) which allows us to configure and start up one million or
more virtual machines with a very minimal configuration file — 20 lines in the case of the 1000-node
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Hyperion cluster. This is the first application of what we are calling Computational Configuration, i.e. the
configuration data is created by computing it from a set of formulas, rather than enumerating it in a file. This
software allowed us to spin up 500,000 VMs on Hyperion in 3 minutes. No other software comes close to
this kind of performance.

Significance

Our proposed work will support the mission of DHS Objectives 3.2 and 3.3 (“Ensure Continuity of Government
Communications and Operations” and “Improving Cyber Security”). Our project also supports the US strategy
articulated in response to the Comprehensive National Cyber Initiative by supporting cyber threat analysis,

by supporting the prototyping of sophisticated defensive systems and furthering cyber science and technology
research and development.
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Effects of Morphology on lon Transport in lonomers for Energy
Storage

141506
Year I of 3
Principal Investigator: A. Frischknecht

Project Purpose

Polymer electrolytes are essential elements of current and next-generation energy storage applications. An
important class of polymer electrolytes is ionomers, in which one of the ions is covalently bound to the polymer
backbone. Ionomers are currently used in fuel cells, and show extraordinary promise as solid electrolytes in
batteries for transportation and portable-power applications. Solid electrolytes are desirable for a variety of
reasons. A primary one is safety: the lack of solvent leads to fewer electrochemical reactions (i.e., with the
electrodes) and the absence of flammable liquids. Solvent-free electrolytes allow for less packaging and easier
manufacture. Single-ion conductors such as ionomers also have the advantage of higher efficiency (high lithium
transference numbers), since the anions are bound to the polymer backbone and the current is primarily due to
the cations. However, present ionomeric materials do not have sufficiently high conductivities. Ion transport
mechanisms in ionomers and their relation to molecular structure are poorly understood, although it is known
that ion transport is coupled to polymeric motion and to the nanoscale morphology of ionic aggregates that
self-assemble in the polymer matrix. We propose to develop and use a suite of multiscale models and tools to
investigate the ionic structure/morphology and to predict their effects on ion transport in ionomers. Modeling
charged polymers is challenging, and to date, there have been no multiscale models of ionomer properties. In
this project, we will develop a method for propagating information from the quantum and atomistic scales,
through the mesoscale and up to the continuum level, incorporating the necessary chemistry and physics to
accurately predict the behavior and properties of ionomeric materials. The ability to model these materials will
enable the design and synthesis of new ionomers that could lead to sizeable improvements in battery safety and
performance essential for electrified vehicles.

Summary of Accomplishments

Work in the first part of the project has focused on starting our efforts at all scales of modeling. We are
implementing changes to codes to enable modeling of ionomers, as well as performing initial calculations

and simulations of ionomers in order to explore appropriate methods and to determine what will be needed
for predictive models of these materials. The ab initio work to date has focused on the model system of Li*
ions in water, in order to determine how much of the solvation environment must be included to obtain a
converged calculation for properties such as the Li chemical shift. We have used solid state '"H and '*C magic
angle spinning nuclear magnetic resonance (NMR) spectroscopy to characterize a set of Zn-neutralized
ionomer membranes (obtained from the University of Pennsylvania). The NMR reveals that the changes in
PE-AA poly(ethylene-co-acrylic acid) structure and dynamics imposed by these carboxylic acid defects are
distinct from simple polyethylene (PE) membranes. To simulate morphology, we have performed a series of
molecular dynamics simulations of coarse-grained models of these ionomers, varying the number of neutral
sites between charged groups, the size of the counterions, and the dielectric constant of the system. We find
different morphologies of the ionic aggregates depending on the model parameters, with trends that match
x-ray scattering data. We are currently preparing a manuscript about this work. Initial work using fluids
density functional theory has been devoted to improvements to the code, including implementing an improved
description of charged polymers. At the continuum level, we are in the process of designing additions to
Cantera, the constitutive modeling code that we have used to build a successful 1D thermal battery model, that
will incorporate ion transport mechanisms believed to be important in ionomers into a transport object within
the code.
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Significance

The success of this project could have a significant impact on Sandia’s missions in predictive simulation

and electrical energy storage. The proposed work could enable the design of better ionomers for lithium ion
batteries, leading to smaller, safer, and more efficient batteries for vehicles. This project will establish Sandia
in the area of predictive simulation of polyelectrolytes, and will position us to have impact on future energy
solutions and energy security for DOE and the nation.
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Multiscale Models of Nuclear Waste Reprocessing: From the

Mesoscale to the Plant-Scale
141508

Year I of 3

Principal Investigator: R. R. Rao

Project Purpose

Nuclear waste reprocessing and nonproliferation models are needed to support the renaissance in nuclear
energy; a proven technology without a carbon footprint. Our aim is to develop predictive capabilities targeting
the design and monitoring of a next-generation nuclear fuel cycle to enable economic large-scale reprocessing
with highly accurate material balances to mitigate public concerns regarding waste disposal and proliferation.
Models will advance the state-of-the-art at four length-scales: droplet, contactor, column, and plant.

The Pu/U extraction process model will be developed in SIERRA Mechanics at the droplet and contactor-
scales, using a continuous and discontinuous finite element modeling (CDFEM) representation of the
interfacial mass transport that occurs in the turbulent emulsion. Mass transport predictions will be based on
non-ideal thermodynamics provided by Cantera, replacing the current empirical ones. Predicted distributions
of radionuclides will be used in SCEPTRE to determine criticality constraints and maximum contactor

size. Column-scale models, based on droplet population balances from the high-fidelity simulations, will be
developed to investigate contactor placements and coupling. Plant flow sheets for reprocessing will be created
using a novel, scalable network model developed under the Office of Advanced Scientific Computing Research
(ASCR) that will allow coupling of massively parallel contactor models to simple equilibrium models for other
plant unit operations. The plant models will be critical to support nonproliferation activities including material
accountancy, plant design, detector placement, and diversion scenarios. Models will be validated through
experimental work at Sandia, and the Oak Ridge National Laboratory (ORNL) pilot plant.

This work will allow Sandia to leverage its existing expertise in turbulent reacting flow, concentrated solution
thermodynamics, level set technology, neutronics, network modeling, and uncertainty quantification, developed
under the advanced simulation and computing initiative and ASCR, to address separations while producing
publishable work in several areas and producing novel capabilities.

Summary of Accomplishments

» The project consists of four tasks: 1) experimental validation, 2) fluid and transport modeling, 3)
thermodynamics, and 4) plant-scale modeling. We have made significant progress on all four tasks.
We have designed and fabricated a microfluidic device to examine mass transport in a single droplet.
This was fabricated in glass to allow for experiments with concentrated nitric acid. We have utilized
a nonradioactive model system based on the lanthanide europium, which will serve as an analog
for uranium. A commercial contactor has been purchased for full-scale validation. Experiments are
underway using a simple model system.

* The CDFEM algorithm has been tested and improved based on several mesoscale problems including
a droplet in a shear flow and a stagnant bubble. This work will be documented in a journal article in
preparation. The coupling between CDFEM and the turbulence models in SIERRA is being advanced
via a new hybrid finite element method that allows us to use turbulence models in the same Galerkin
framework and element space used for the CDFEM. Testing is underway of the turbulence models in a
contactor geometry.
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* Thermodynamic modeling of tri-butyl phosphate-water-nitric acid-uranium systems, including activity
coefficient and transport properties, has been undertaken and implemented into Cantera for future
coupling to SIERRA. We have developed a transport formalism for this coupling and this has resulted in
an implementation plan.

* A section of the material accountancy model has been translated into network units suitable for
implementation into the ASCR network tool. These units will provide the building blocks for the
translation of the entire Separations and Safeguards Performance Model to meet the FY 2010 milestone.
A contract has been placed with Yale University to develop a population-balance approach to contactor
modeling suitable for implementation in the network tool. This approach will advance our unit
operations for plant-modeling.

Significance

Sandia has pioneered the field of surety by designing technology-based safety and security systems for nuclear
weapons, and extending surety to commercial nuclear facilities for the Nuclear Regulatory Commission. We
propose to develop technologies to ensure surety of nuclear waste reprocessing facilities by drawing on our
engineering and computational science expertise, 12 years of ASC SIERRA Mechanics code development,

and over 60 years of surety engineering. This work will support DOE missions in nuclear energy and
nonproliferation, as well as renewable, carbon-free, energy. Improvements to SIERRA for turbulent multiphase
flow will also support the nuclear weapons program directly. Outcomes for this project include the following:
1) new methods of solving multiphysics simulation by incorporating detailed thermodynamics with transport
in a massively parallel framework to enable first-principles prediction of emulsion formation, advancing the
state-of-the-art; 2) numerical models to support design and development of a nuclear waste reprocessing facility
in the US; 3) plant-scale modeling capability to support collaborations with the oil and chemical industry; 4)
high performance computing separations models for liquid-liquid extraction. Outputs include new capabilities
in SIERRA mechanics to enable the solution of previously unsolvable problems, as well as publications in the
open literature including journals and conference presentations. We intend to publish material from the droplet-
scale validation studies, the contactor-scale experiments, the CDFEM verification work, the thermodynamic
modeling of actinide separations, and the population balance models of the mixing zone in the contactor.

This work could attract cooperative research and development agreements with industry partners. This project is
an initial investment that can be applied to many other related unit operations and plant models in the emerging
alternative energy field, such as CO, scrubbing or algal separations. Our existing expertise in turbulent reacting
flow, level set technology, and nuclear waste disposal will be brought to address the separations science area, a
natural growth area for these applications.
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Predictive Multiscale Modeling of Thermal Abuse in

Transportation Batteries
141509

Year I of 3

Principal Investigator: R. P. Muller

Project Purpose

Transition from fossil-fueled to electrified vehicles depends on developing economical, reliable batteries

with high energy densities and long life. Safety, preventing premature or catastrophic failure, is of paramount
importance in battery design. The largest gaps in our technical understanding of the safe operation of electrical
energy storage devices involve the fundamental mechanisms, energetics, and inefficiencies of complex
processes that occur during battery operation that can lead to thermal runaway: charge transfer, charge carrier
and 1on transport, both in the bulk and at various interfaces, and morphological and phase transitions associated
with Li-ion transport between cathode and anode. We will develop a comprehensive predictive capability for
thermal management and the onset of thermal runaway in transportation-based secondary Li-ion batteries,
rooted in a first-principles description of the governing atomistic processes at the electrode-electrolyte interface,
propagating chemical information through multiple scales to a continuum-scale description of thermal transport
and failure capable of addressing a variety of operational and thermal excursion conditions. The development
of such a comprehensive model will enable scientists and engineers to identify and address potential safety

and stability issues of new battery designs prior to experimental realization. This development will constitute a
unique capability, and will be of great significance within Sandia, for the DOE and DoD, and for its current and
future commercial partners.

Summary of Accomplishments

During the first year of this project, we have made significant progress toward our overall project goals, and have
met the milestones to date. At the cell level, we have investigated existing empirical models for thermal runaway
in Li-ion batteries. We have developed an improved model for fitting existing experimental calorimetry data

to differential equation form. We have begun the work of describing the chemical reactions that the electrolyte
molecules undergo with the anodes and cathodes. We have computed Li-ion diffusion rates through the cathode
and the electrolyte materials. And we have developed a version of the Cantera chemical reaction code on top of
the Trilinos parallel math libraries to provide a scalable capability for simulating thermal runaway in batteries.

A key element of our work is the development of new simulation capabilities. One effort focuses on modeling
chemical reactions occurring at electrode/electrolyte interfaces. Toward this goal, we designed the necessary
interfaces between SeqQuest and Tramonto, and are implementing release versions that will be the foundation
for the integration. We have begun preliminary integration work under the LIME (lightweight integrating
multiphysics environment) framework, a part of Trilinos.

A second effort seeks to model the growth of the solid electrolyte interphase protecting the battery anode.
Toward this goal, we have implemented a kinetic Monte Carlo technique to model growth of the organic and
inorganic components of this layer.

We have actively pursued identifying relevant data for model validation. We have begun work on identifying
and ranking phenomena relevant to thermal abuse in Li-ion batteries. We have also begun collaboration with
the University of Florida to provide additional validation data, using impedance spectroscopy at elevated
temperatures.
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Significance

Advances in batteries are driven by improvements in the materials that comprise them. Materials changes
require a complete experimental characterization to ensure the batteries remain safe; such a characterization is
time consuming and expensive. By developing a method that will enable a first-principles correlation of basic
materials properties to thermal runaway and associated safety problems, we expect to largely overcome this
costly empirical characterization. This will reduce the expense and the time required to develop new battery
chemistries.

We are in the process of creating a predictive modeling capability for the safety of transportation batteries,
validated against the results from the Sandia battery testing laboratory. Coupling Sandia’s abuse experiment and
test capabilities with our ability to predict and understand test results through predictive simulation will further
assert and maintain Sandia’s leadership in this area. These strengths will be particularly valuable to Sandia with
the national focus on renewable energy and green transportation.

During the first year we have made meaningful strides toward achieving this goal. We have begun to develop
new modeling capabilities, and have made significant progress in understanding the relevant published data.
During the course of the year, we have received a great deal of interest in potential collaboration from industry
and other laboratories. We have briefed the United States Advanced Battery Consortium, LLC, Freedom Car
Board of Directors about our work. We have met with several researchers from General Motors on multiple
occasions. We have helped the DOE/EERE (Division of Energy Efficiency and Renewable Energy) develop

a new related research program for the Computer Aided Engineering of Batteries (CAEBAT), resulting

in additional funded research from the DOE/EERE CAEBAT program, and that has also given us many
opportunities to release the ultimate results and capabilities generated by this project when they are available.
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Risk Assessment of Climate Systems for National Security
141510

Year I of 3

Principal Investigator: G. A. Backus

Project Purpose

The purpose of this work is to develop analytical methods to quantify the integrated risk from climate change.
The physical risk requires a better understanding of the climate change uncertainty. We are developing the
uncertainty quantification (UQ) methods to sample and characterize this, despite the large computational
expense of climate simulations. There is also a need to quantify the validity in using climate models for such
assessments. We are extending PCMM (Predictive Capability Maturity Model) to serve this function. Climate
change affects socioeconomic conditions largely though hydrological intermediation. Further, rapidly changing
conditions in the Arctic have the potential of significant ramifications for hydrological and socioeconomic
conditions. We are developing new hydrological simulations to accommodate permafrost, land movement, and
biomass progression for use in the US Community Earth System Model (CESM). Further, we are developing
the simulation of the linkage between hydrological condition and socioeconomic activity. Additionally, we are
using simulations of the Arctic to determine the realizability of (unexpected) emergent phenomena, using the
ice-free Arctic as a test case.

Summary of Accomplishments

The following is a list of accomplishments.
» Linked Dakota to the Community Climate System Model (CCSM) and are currently running UQ
analyses. Red Sky simulations are still running with results over the next month.

* Prototyped methods for underrepresented phenomena (clouds).

» Prototyped methods for underrepresented phenomena (tail-distribution parameters).
* Are running CCSM for emergent phenomena (ice free-Arctic).

* Initial report on new PCMM metrics for climate models.

* Development and testing of 1D hydrology model for use with CCSM in Arctic analyses; next year’s
work will extend this to 3D plus ground movement.

* Developed interface for linking hydrological impact to socioeconomic impacts; have screened countries
mostly like to be at greatest risk from the various physical effects from climate change.

* Have developed new methods to understand the impact of cloud formation on climate uncertainty by
developing detailed models of cloud formation dynamics.

Significance

This effort further develops the foundational capabilities Sandia requires for its participation in existing DOE
Office of Science efforts, including the pending NNSA climate impact effort. Our intelligence community,
DHS, and defense agencies have all expressed concerns directly to Sandia about the impacts of climate
change and the need for Sandia to extend its national security assessment capabilities into the realm of climate
change. In accordance with these goals, this effort improves high-resolution climate modeling methods of
critical importance to predictive science, develops advanced spatially and temporally resolved methods to



Sandia National Laboratories 2010 LDRD Annual Report

enable discovery of phenomena, and develops new computational and statistical approaches for optimization,
verification, validation, and uncertainty quantification necessary for regional predictions to enable national
security assessments.

64
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Streaming Data Analysis for Cyber Security
141511

Year I of 3

Principal Investigator: S. J. Plimpton

Project Purpose

A ubiquitous task in cyber security is monitoring network traffic, looking for anomalies that indicate incoming
attacks, intruders or malware already inside a local network, or data exfiltration. Monitoring typically involves
data collection and post-processing of archived log files using manually updated filters along with human
inspection and judgment. While effective, this approach has limitations: timely responses may be impossible,
analyses may be inaccurate or incomplete because data exceeds storage capabilities, and rapidly evolving
strategies may be undetectable.

These issues can potentially be addressed by modeling and analyzing the stream of network traffic in real

time, as it is captured. This is challenging due to the large volume of data, limited computational power in
monitoring hardware, and a lack of mathematical definitions of interesting events and algorithms to detect them
in streaming data.

We propose to develop new streaming algorithms and software to overcome these challenges and enable the
power of post-processing methods — which employ graph-based algorithms and classification techniques — to
be applied in real time.

This project aligns with several national and Sandia goals. It also addresses three of this year’s five focus
areas: formulation of mathematical models, codification of new methodologies, and development of platforms/
architectures/frameworks for enabling predictive simulation.

Summary of Accomplishments

In the first year of this project, we have worked to detect and capture interesting “events” in network packet
flows. We are working to analyze and classify these events and their associated data in a post-processing
fashion, with the goal of eventually enabling real-time flagging of potentially damaging events and intrusions.

Significance

Sandia has made a strategic decision to emphasize cyber security. This project can contribute to two specific.
The first is to become a “model laboratory” for DOE in information security, going beyond basic compliance.
Having the tools at our disposal that this project should create is a step in that direction. Second, the report
discusses a “super-defense” strategy for cyber security. The software produced by this project could be part of
that solution.

The benefits of the proposed work are practical, programmatic, and scientific. Our streaming algorithms on
data collection hardware will enable Sandia (and others) to protect network and sensitive data. Our collection
of algorithms will be novel technology that Sandia can use to form partnerships in the intelligence community.
More broadly, processing streaming data is a computational challenge gaining importance in many fields of
security and science. For example, in financial transaction software, what we are attempting to do is termed
“complex event detection.” Cloud computing is also beginning to grapple with streaming algorithms, due to the
immense volumes of data it can process. Success in this project would enable Sandia to become a leader in this
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emerging area.

As far as possible, given the sensitive use of this kind of software, we will publish our algorithmic work in
the open literature. We also plan collaborations with academics working in the more general area of streaming
algorithms.
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Distinguishing Documents by Parts-of-Speech Dynamics
149045

Year 1 of 1

Principal Investigator: S. A. Mitchell

Project Purpose

We propose a sentence mining technique that exploits both the distribution and the order of parts-of-speech
(POS, as defined by the Penn Treebank) in sentences in English language documents. The research is focused on
discovering meaningful sentence dynamics (grammar) signatures. If successful, it would be possible to discover
“call-to-action” framing documents hidden within a corpus of mostly expository documents, even if the
documents were all on the same topic and used the same vocabulary. This distinguishes the proposed work from
ongoing activities in topic identification, which analyzes the bag of words in documents using linear algebra.
While the rules of grammar are specified a priori by linguists, this would be the first known computational
approach to discovering and characterizing actual, observed English grammar.

Distinguishing framing vs. expository documents within unknown topics is the most important problem of this
type, but this project would start with an easier problem with readily available data. We seek to distinguish
opinion vs. exposition, in particular, distinguishing Netflix “positive” and “negative” movie reviews from
abstracts from a groundwater science journal, without exploiting topic and word differences. Our preliminary
work shows that the cosine similarity of the subsequences of POS is able to distinguish between abstracts and
Netflix; and also between 1) actual sentences and 2) the same sentences reversed and 3) the same sentences with
their POS randomly permuted. It appears that subsequence lengths between 2 and 5, especially 3, are better
differentiators than simply the frequency of POS (i.e., subsequence length 1).

From preliminary work, we have figures that contrast the cosine similarity for subsequence length 1,2,3,4,5,
among 100 scientific abstract sentences, the same sentences backwards, and the same sentences randomly
permuted; also between 100 scientific abstract sentences and 100 “negative” and 100 “positive” movie reviews.

Summary of Accomplishments

We proposed a sentence mining technique that exploited both the distribution and the order of parts-of-speech
(POS) in sentences in English language documents. The ultimate goal was to be able to discover “call-to-action’
framing documents hidden within a corpus of mostly expository documents, even if the documents were all

on the same topic and used the same vocabulary. Using POS was novel. We also took a novel approach to
analyzing POS. We used the hypothesis that English follows a dynamical system and the POS are trajectories
from one state to another. We analyzed the sequences of POS using support vector machines and the cycles of
POS using computational homology. We discovered that the POS constituted a very weak signal and did not
support our hypothesis well. Our original goal appeared to be unobtainable with our original approach.

b

We turned our attention to study an aspect of a more traditional approach to distinguishing documents. Latent
Dirichlet Allocation turns documents into bags-of-words, then into mixture-model points. A distance function

is used to cluster groups of points to discover relatedness between documents. We performed a geometric and
algebraic analysis of the most popular distance functions and made some significant and surprising discoveries.
We showed that several popular distances, chi-squared, Jensen-Shannon divergence, and the square of the
Hellinger distance were nearly equivalent — in terms of functional forms after transformations, factorizations,
and series expansions, and in terms of the shape and proximity of constant-value contours. A single one-
dimensional family of curves describes their relationship, even for high dimensional data. We see that clustering
results will be the same, except where the data points’ coordinate value ratios are higher than about 5. This is
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somewhat surprising given that their original functional forms look quite different. Cosine similarity is the square
of the Euclidean distance, and a similar geometric relationship is shown with Hellinger and another cosine.

Significance
This work supports text analysis, important for nonproliferation, cyber security, and other data-centric security
missions.

The potential for the part-of-speech work was that it could eventually lead to finding unknown social
movements within unknown topics, for the above missions. Eventually we may be able to distinguish:
1. Fluent vs. non-fluent English

2. Machine vs. human generated
3. Opinion vs. narrative, exposition, or enumeration
4. Framing vs. narrative, exposition, or enumeration

5. Framing vs. opinion

The distance-function work addresses the same problem, but with a non-topological approach. Additionally, it
addresses the broader question of, “how do we know we have the ‘right’ clustering?”” At Sandia we cluster data
daily, putting points into groups, for cyber, nonproliferation etc. The clustering obtained depends on the choices
we make along the way, and there are many. Do we even know how these choices change the answer? One of
the fundamental choices is how to measure how close two data points are to each other. This new geometric
comparison of the most popular distance functions for a certain model shows that many of the functions are
very similar, but with sharp differences in certain areas. So far the results regarding these distances have been
surprising to the local community.
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Development of a Quantum Chemistry Application within a

Scale-Free Computing Model
149046

Year 1 of 1

Principal Investigator: J. P. Kenny

Project Purpose

Current programming models for high-performance computing are fault-intolerant and use global operations.
Those properties are unsustainable as computers scale to millions of CPUs; instead, one must recognize that
these systems will be hierarchical in structure, prone to constant faults, and global operations will be infeasible.

The FAST-OS HARE project is introducing a scale-free computing model to address these issues. This model
is hierarchical and fault-tolerant by design, allows for the clean overlap of computation and communication,
reducing the network load, does not require check-pointing, and avoids the complexity of many high
performance computing (HPC) runtimes. Development of an algorithm within this model requires a change in
focus from imperative programming to a data-centric approach.

Quantum chemistry (QC) algorithms, in particular electronic structure methods, are an ideal test bed for this
computing model. These methods describe the distribution of electrons in a molecule, which determine the
properties of the molecule. The computational cost of these methods is high, scaling quartically or higher in the
size of the molecule, which is the reason QC applications are major users of HPC resources. The complexity
of these algorithms means that message passing interface alone is insufficient to achieve parallel scaling; QC
developers have been forced to use alternative approaches to achieve scalability and would be receptive to
radical shifts in the programming paradigm.

Initial work in adapting the simplest QC method, Hartree-Fock, to this the new programming model indicates
that the approach is beneficial for QC applications. However, the advantages to being able to scale to exascale
computers are greatest for the computationally most expensive algorithms; within QC these are the high-
accuracy coupled-cluster methods. This project investigated how such science applications can be constructed
with scale free, data-centric programming models to enable extreme-scale performance.

Summary of Accomplishments

We developed a scale-free implementation of the matrix multiply kernel, a critical step in many science
applications such as the coupled cluster quantum chemistry method. Practical realization of this required
development of prototype generic interfaces for data-centric computing and automated problem decomposition.
The implementation of the matrix multiply kernel demonstrated the efficacy of these interfaces, guiding
development of new runtime systems and applications for extreme-scale parallel computers. These interfaces
and kernel provide important building blocks for continuing design and simulation of applications and hardware
for extreme scale.

Significance

Computation at the largest scales is an enabling technology across DOE’s mission areas and the national
security mission, as a whole. This project investigated the next step in developing algorithms for the
forthcoming high-performance computers, by providing an exascale-class algorithm for an important
application and demonstrating the viability of the programming model. This work is particularly crosscutting:
it involved research both into the computer science of the problem as well as focusing on a quantum chemistry
application and involved significant staff collaboration.
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Peer-to-Peer Architectures for Exascale Computing
149048

Year 1 of 1

Principal Investigator: J. Mayo

Project Purpose

The goal of this research was to investigate the potential for employing dynamic, decentralized software
architectures to achieve reliability in future high-performance computing platforms. These architectures,
inspired by peer-to-peer (P2P) networks such as botnets that already scale to millions of unreliable nodes,
hold promise for enabling scientific applications to run usefully on next-generation exascale platforms (~10'®
operations per second). Traditional parallel programming techniques suffer rapid deterioration of performance
scaling with growing platform size, as the work of coping with increasingly frequent failures dominates over
useful computation. This project aimed to study the dynamics of P2P networks in the context of a design

for exascale systems and applications. We sought to obtain theoretical insight into the stability and large-
scale behavior of candidate architectures, and to work toward leveraging Sandia’s Emulytics platform to test
promising candidates in a realistic (ultimately >107 nodes) setting.

Summary of Accomplishments

We developed a simulation framework, as well as a preliminary implementation in a large-scale emulation
environment, for exploration of “fault-oblivious computing” approaches. We designed a general architecture
that allows effective failure management and, under some conditions, fault obliviousness in exascale computing
scenarios. Our studies suggested that such an architecture, in which failures are treated as ubiquitous and their
effects are considered as simply another controllable source of error in a scientific computation, can remove
obstacles to exascale computing for certain applications. Our primary example applications were drawn from
linear algebra: a Jacobi relaxation solver for the heat equation, and the closely related technique of value
iteration in optimization.

Significance

High-performance computing (HPC) is at the heart of both nuclear weapons and energy programs and
research. DOE intends to remain at the forefront of HPC, and the next generation of computers will require a
considerably more robust approach to system and application software. This project contributes to providing
the robustness necessary to make these next-generation computers practical. Recovering from failures

with sufficient accuracy using local data, and avoiding the need for global check-pointing and the resulting
slowdown, would remove a major obstacle to exascale computing. This work has leveraged, and will continue
to inform LDRD Project 141505 and related efforts. We will draw on these insights in its HPC mission work.
The robustness of large networks is an aspect of complex systems and also applies to Sandia’s cyber-security
mission, suggesting other relevant opportunities.
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Natural Materials for Carbon Capture
149205

Year 1 of 1

Principal Investigator: R. T. Cygan

Project Purpose

Naturally occurring clay minerals provide a distinctive material for carbon capture and carbon dioxide
sequestration. In particular, swelling clay minerals, such as the smectite variety, possess an aluminosilicate
structure that is controlled by low-charge layers that easily expand to accommodate water molecules and,
potentially, carbon dioxide. The interlayer of smectite clays also includes counterbalancing cations such as
sodium that balance the negative layer charge. Recent experimental studies have demonstrated the efficacy

of intercalating carbon dioxide in the interlayer of layered clays but little is known about the molecular
mechanisms of the process and the extent of carbon capture as a function of clay charge and structure. In
economic terms, clay minerals are a common natural resource and are proverbially “dirt cheap.” Clay minerals
are an attractive alternative to more complex materials that often require significant chemical functionalization
to ensure acceptable carbon capture performance. Such materials could have a distinct advantage in that they
can be used once and buried, saving the cost of regenerative energy, CO, compression, and subsurface injection.
Molecular dynamics simulations will be performed at Sandia to better assess the molecular interactions
associated with incorporation of the CO, in the interlayer of montmorillonite clay, and to simulate vibrational
spectra to help validate the models with experimental observation. This computational chemistry project will
provide proof of concept that our predictive simulation tools can meet future research needs of the National
Energy Technology Laboratory (NETL) and provide the foundation to expand Sandia’s role in carbon
management in partnership with NETL.

Summary of Accomplishments

We have completed a series of molecular dynamics simulations to better assess the molecular interactions
associated with incorporation of the CO, in the interlayer of montmorillonite, and to simulate vibrational
spectra to help validate the models with experimental observation. We first extended several published three-site
potential models of CO, to derive a set of accurate interaction parameters that are compatible with the widely-
used CLAYFF (Clay Force Field). The extended set of interaction parameters permits full flexibility of the
molecule allowing bond stretching and bond bending. Comparison of experimental and theoretical data with our
molecular dynamics simulations of gaseous and liquid CO, confirms the accuracy of the new force field. Based
on the experimental evidence for CO, intercalation in montmorillonite clay, provided by NETL, we developed

a conceptual model for the intercalated structure and performed a series of molecular dynamics simulations.
Power spectra were derived from the equilibrated atomic and velocity trajectories that allowed the isolation of
signal from key components of the molecular model. Normal model analysis of optimized structures of CO, and
Na-CO, derived from density functional calculations are in general agreement with the findings of the classical
results obtained from the molecular dynamics simulations. Our dynamics results indicate that, once intercalated
into the clay the bending motion of CO, at approximately 667 cm™' is blue-shifted and split. The asymmetric
stretch of CO, at 2350 cm™' exhibits a smaller blue shift, however it is consistent with the experimental findings
of NETL. This computational chemistry investigation provides a proof of concept that molecular simulation
methods have the capability and accuracy to predict the mechanisms associated with CO, capture in complex
natural materials.
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Significance

This project emphasizes the fundamental behavior of gaseous, liquid, and supercritical carbon dioxide and
clay-intercalated carbon dioxide. It provides a theoretical foundation for evaluating the mechanisms of carbon
capture and sequestration, and confirms the ability of an economically attractive and naturally occurring mineral
to capture carbon dioxide. The technical collaboration with NETL supports the development of a long-term
technical partnership. Furthermore, the state-of-the-art molecular simulations support efforts to develop tools
and methods for the accurate modeling of complex systems.
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Molecular Modeling in Support of CO, Sequestration and
Enhanced Oil Recovery

149209
Year 1 of 1
Principal Investigator: L. Criscenti

Project Purpose

CO, sequestration in sedimentary basins has been proposed to store excess atmospheric CO,. Suitable
formations for sequestration will be over 800 m deep, where high pressures will maintain a CO, density that
decreases CO, buoyancy with respect to water and oil. The relationships between the simple fluid phases (CO,,
water and oil) that coexist in a basin are established. However, the interactions between these fluids and the
surrounding rock matrix are not well studied and impact CO, mobility. The “wettability” of minerals to H,O,
CO,, and hydrocarbons affects the distribution, transport and fate of these fluids in sedimentary basins. For
example, CO, adsorption to the rock matrix may enhance CO, sequestration; however, if the aqueous solutions
and petroleum fluids have greater affinity for the mineral surfaces, CO, may migrate through fractures towards
the surface. Changes in CO, viscosity, water concentration, and ionic species in the CO, fluid from the basin
environment through the caprock will play a role in CO, migration. We will investigate CO, mobility in
reservoir and caprock systems by studying the relative adsorption of H,O, CO,, and heptane to key sedimentary
minerals as a function of temperature and pressure using molecular dynamics simulations. This investigation
will also provide guidelines for the use of CO, in enhanced oil recovery.

Summary of Accomplishments

We used molecular dynamics simulations to examine the wettability of minerals to different fluid phases.
Large-scale molecular dynamics simulations involving between 100,000 and 200,000 atoms were conducted

to establish a dynamic equilibrium between a drop of liquid water, water vapor, and kaolinite surfaces. These
calculations were performed using LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator),

a parallel-processing molecular dynamics code and the CLAYFF (Clay Force Field) both developed at Sandia.
The water drops consisted of at least 1700 molecules. Simulations were performed for five nanoseconds. Two
approaches were tested to extract contact angle information from simulation trajectories. Contact angles were
determined on both the siloxane and gibbsite surfaces of kaolinite. The contact angle calculated for the siloxane
surface is approximately 110°, and compares well with calculated contact angles for silica reported in the
literature. The contact angle determined for the gibbsite surface is approximately 13° and compares favorably to
reported experimental results. As expected, the siloxane surface is calculated to be hydrophobic and the gibbsite
surface hydrophilic. We have developed a post-processing algorithm to calculate contact angles from molecular
dynamics trajectories, and it can be used to investigate the interaction of other fluids such as heptane and carbon
dioxide with solid surfaces. This technique should prove useful to investigate the relative wettability of different
minerals with subsurface fluids including supercritical CO,.

Significance

Using Sandia-developed computational tools, we established a methodology for calculating contact angles
directly from classical molecular dynamics simulation output. We developed post-processing codes to
implement two different algorithms for calculating contact angles. We successfully compared our calculated
contact angles for water on both hydrophilic and hydrophobic surfaces to reported experimental and calculated
results in the literature. Our research will feed into the CO, management thrust area where the relative
wettability of mineral surfaces with respect to different fluids including oil and supercritical carbon dioxide is
critical knowledge required for developing approaches for CO, sequestration and enhanced oil recovery (EOR).
This research prepares us to tie modeling efforts to experimental studies that are getting underway in various
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Sandia programs including the University of Texas (UT)-Sandia Energy Frontier Research Center, and Basic
Energy Sciences. The goal of this research is to provide the capability of using molecular simulation as a tool to
understand macroscopic fluid-mineral interactions in porous media in order to provide guidance for managing
underground systems for CO, sequestration and EOR.
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Nanocrystal-Enabled Solid-State Bonding
149210

Year 1 of 1

Principal Investigator: E. A. Holm

Project Purpose

Virtually all engineering components are comprised of materials that have been joined together. While joining
technology has advanced, there are still critical applications where the joining solutions create unacceptable
problems such as thermal stress-induced cracking, phase transformations, and thermal component damage.
These problems are exacerbated by joining dissimilar materials or complex shapes, and bonding processes that
occur late in assembly. Many of these problems occur because bonding temperatures and pressures are quite
high. For example, welding and brazing use solidification of molten materials to form the joint, potentially
leading to thermal stress generation and profound microstructural changes.

Nanocrystalline metals may allow us to dramatically lower the temperatures and pressures required for solid-
state diffusion bonding between metals and ceramics. Recent work has demonstrated the efficacy of this
approach in the copper-silver system. At this point, it is unclear how to explain or predict this phenomenon.
One model for describing solid-state bonding with metal nanoparticles would be based on sintering theory. We
propose a set of model bonding experiments between copper plates using silver and gold nanoparticles with

a range of temperatures and pressures to be compared with sintering simulations of the same. The outcomes
of this study would be the following: 1) an evaluation of sintering theory as a predictive tool for nanocrystal-
enabled diffusion bonding, 2) a determination of the sensitivity of this process to the size of nanoparticles,

and 3) a recommendation for the future potential of this approach. If successful, this project will create much
fundamental, exciting science, in particular, regarding the prediction of sintering behavior in nanoscale
materials. In addition, this project will lay the foundations for technology that could benefit a number of key
programs at Sandia (nuclear weapons [NW] and defense systems and assessments) for which low-temperature,
low-pressure diffusion bonding is a potential breakthrough technology.

Summary of Accomplishments

We performed a preliminary set of sintering experiments to examine nanocrystal-enabled diffusion bonding
(NEDB) in Ag-on-Ag and Cu-on-Cu using Ag nanoparticles. The experimental test matrix included the effects
of material system, temperature, pressure, and particle size. The nanoparticle compacts were bonded between
plates using a customized hot press, tested in shear, and examined postmortem using microscopy techniques.
NEDB was found to be a feasible mechanism for low-temperature, low-pressure, solid-state bonding of like
materials, creating bonded interfaces that were able to support substantial loads. The maximum supported
shear strength varied substantially within sample cohorts due to variation in bonded area; however, systematic
variation with fabrication conditions was also observed. Mesoscale sintering simulations were performed in
order to understand whether sintering models can aid in understanding the NEDB process. A pressure-assisted
sintering model was incorporated into the SPPARKS kinetic Monte Carlo sintering code. Results reproduce
most of the qualitative behavior observed in experiments, indicating that simulation can augment experiments
during the development of the NEDB process. Because NEDB offers a promising route to low-temperature,
low-pressure, solid-state bonding, we recommend further research and development with a goal of devising new
NEDB bonding processes to support relevant agencies